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The most important standard in wireless local area networks (WLANs) is IEEE 802.11. 
For this reason, much of the research work for the enhancement of WLANs is generally 
based on the behaviour of the IEEE 802.11 standard. This standard is divided into 
several layers. One of the important layers is the medium access control (MAC) layer. It 
plays an important role in accessing the transmission medium and data transmission of 
wireless stations. However, it still presents many challenges related to the performance 
metrics of quality of service (QoS), such as system throughput and access delay. 
 
Modelling and performance analysis of the MAC layer are also extremely important. 
Thus, the performance modelling and analysis have become very important in the 
design and enhancement of wireless networks. Therefore, this research work is devoted 
to evaluate and enhance the performance modelling of IEEE 802.11 MAC-distributed 
coordination function (DCF), which can lead to the improvement of the performance 
metrics of QoS. 
 
In order to more accurately evaluate the system performance for IEEE 802.11 DCF, a 
new analytical model to compute a packet transmission probability for IEEE 802.11 
DCF has been proposed based on difference probabilities in transmission mechanism. 
The performance saturated throughput is then evaluated with the proposed analytical 
model. In addition, a new analytical model for estimating the MAC layer packet delay 






the importance of considering the different probabilities between events in transmission 
mechanism for an accurate performance evaluation model of IEEE 802.11 DCF in terms 
of throughput and delay. 
 
To enhance the effectiveness of IEEE 802.11 DCF, a new dynamic control backoff time 
algorithm to enhance both the delay and throughput performances of the IEEE 802.11 
DCF is proposed. This algorithm considers the distinction between high and low traffic 
loads in order to deal with unsaturated traffic load conditions. In particular, the 
equilibrium point analysis (EPA) model is used to represent the algorithm under various 
traffic load conditions. Results of extensive simulation experiments illustrate that the 
proposed algorithm yields better performance throughput and a better average 
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The focus of this thesis is on the performance modelling and enhancement of IEEE 
802.11 DCF. For this reason, the performance modelling of IEEE 802.11 is studied 
under different traffic load conditions. Firstly, the main difference in the transmission 
mechanism between the busy probability and the collision probability is taken into 
consideration. Then, a new analytical model to compute a packet transmission 
probability for IEEE 802.11DCF is proposed. In addition, the proposed model is used 
to evaluate the saturated throughput performance of IEEE 802.11 DCF. 
 
Secondly, an accurate analytical model for estimating the MAC layer packet delay 














Finally, a new backoff algorithm to achieve a better system performance in terms of 





Recently, wireless local area networks (WLANs) have become very important and 
extensively applied all over the world. The WLANs provide a very simple way for 
flexible wireless access, such as Internet or LANs. The most important standard in 
WLANs is IEEE 802.11 which is known as wireless fidelity (Wi-Fi) networks (Ming 
et al. 2008). The Wi-Fi is widely deployed in WLANs. This is the reason why IEEE 
802.11 has become very important standard and attracted much research attention. In 
addition, the quality of service (QoS) over IEEE 802.11 standard still poses a 
challenging task and has become an active research area. 
 
The IEEE 802.11 standard includes comprehensive MAC layer and physical (PHY) 
layer. The IEEE 802.11 standard still presents many challenges; most of them are 
related to the MAC layer. The MAC layer specifies two types of mechanism for 
accessing the media. Fundamental access mechanism is called distribution 
coordination function (DCF) and an optional mechanism is called point coordination 
function (PCF). The DCF uses a carrier sense multiple access with collision avoidance 
(CSMA/CA) scheme and binary exponential backoff (BEB) algorithm (Madhavi et al. 
2011). It enables a station to listen before talking (LBT) and deals with multiple 
stations over the same transmission medium because the DCF gives equal priority to 
all stations. A collision will occur when multiple stations try to access the medium 
simultaneously. Therefore, the DCF helps to reduce the number of collisions and thus 






increases the transmission medium utilization by using CSMA/CA and BEB. 
Consequently, the DCF mechanism plays a major role in MAC layer. 
 
On the other hand, the MAC in PCF is centralized, which gives various priorities to 
all stations. However, due to the complexity of implementing PCF, the IEEE 802.11 
standard supports the DCF function as a default access mechanism (Ming et al. 2008). 
Therefore, the focus of this thesis will be on the primary access mechanism for MAC 
layer. Specifically, the research work is focused on the standard IEEE 802.11 DCF 
based MAC protocol. 
 
 
1.3 Research Questions 
 
As mentioned in the above section, there are many challenges related to the standard 
IEEE 802.11 DCF. Most of them relate to the MAC layer which can act to guarantee 
the performance metrics of QoS in IEEE 802.11 DCF such as system throughput and 
access delay. The analysis of IEEE 802.11 DCF helps in the discovery of the causes 
of many of these problems, and may even suggest possible solutions (Lin and Wong 
2006). In order to better understand the performance model of IEEE 802.11 DCF, the 
critical challenges can be summarised in the following research questions: 
 
How do we evaluate the performance model? How can we enhance the 
effectiveness of IEEE 802.11 DCF? 
 
 






These questions can be divided into a multiple sub-questions related to our main 
objective as follows: 
 
What is the difference between the busy probability and the collision probability in the 
transmission mechanism? 
 
Do we need to consider the fact that the busy probability is different from the collision 
probability in the analytical model? Why? 
 
How can a model that considers the difference between the busy probability and the 
collision probability help to guarantee the QoS in IEEE 802.11 DCF? 
 
How can the performance modelling and the analysis of IEEE 802.11 DCF help in 






The aim of this research is to investigate and enhance the performance modelling of 
IEEE 802.11 DCF under saturated and non-saturated traffic load conditions in order to 
improve the performance metrics of QoS. 
 
The first part of this thesis deals with the accuracy of the performance model of IEEE 
802.11 DCF. In this part, the scenario is studied in which every station in the network 
always has a packet to transmit. This scenario is known as the saturated traffic load 
conditions. In addition, the architecture and the mechanisms of IEEE 802.11are 
investigated in order to discover points of weakness. This review suggests that most 






of the previous research studies have not considered the main difference between the 
busy probability and the collision probability in analytical models. Some of these 
studies considered both probabilities to be the same or ignored the busy probability 
and considered only the collision probability, which is not a justified assumption. In 
this thesis, a new analytical model based on the difference between the probabilities is 
proposed. The simulation of the proposed model demonstrates that there is a 
significant change on the throughput performance results, when the difference 
between the busy probability and the collision probability is considered. Furthermore, 
the difference between probabilities is employed to propose an accurate analytical 
model for estimating the MAC layer packet delay distribution of IEEE 802.11 DCF. 
 
The second part of this thesis deals with the enhancement of the performance model 
of IEEE 802.11 DCF. In this part, the non-saturated traffic load conditions scenario is 
considered, and then an investigation is conducted into how the backoff algorithm 
deals with the dynamic traffic loads. The thesis presents a new backoff algorithm that 
can deal with dynamic traffic loads more efficiently. This new algorithm provides a 
better transmission medium utilisation and reduces the average transmission packet 














The objectives of this research are: 
 
 To identify and investigate issues related to the performance evaluation system 
of IEEE 802.11 DCF in terms of throughput and delay under saturated and 
non-saturated traffic load conditions. 
 
 To develop the analytical model for computing a packet transmission 
probability under saturated traffic loads. 
 
 To evaluate the saturation throughput performance of IEEE 802.11 DCF. 
 
 To estimate the MAC layer packet delays distribution of IEEE 802.11 DCF 
under saturated traffic load conditions. 
 
 To enhance the system performance for IEEE 802.11 DCF in terms of 





To achieve the above objectives, the research develops new analytical models and 
backoff algorithm to evaluate and enhance the system performance for IEEE 802.11 
DCF. The accuracy of the proposed models and algorithm are validated through 
MATLAB simulation experiments. In addition, Maple software has been used to 
undertake calculation of certain equations. The original contributions of this research 
are summarised as follows: 






 New analytical models to compute a packet transmission probability and 
estimate the MAC layer packet delay distribution for IEEE 802.11 DCF are 
proposed under saturated traffic load conditions. In addition, the proposed 
models are used to investigate the impact of considering the differences 
between the busy probability and the collision probability on the performance 
system in terms of throughput and delay. 
 
 New performance evaluation models for IEEE 802.11 DCF are proposed 
under saturated traffic load conditions. The performance results highlight the 
importance of considering the differences between the busy probability and 
the collision probability in transmission mechanism for the accurate evaluation 
of the system performance model in IEEE 802.11 DCF. 
 
 A novel backoff algorithm for contention window-based IEEE 802.11 DCF is 
proposed. The algorithm is proposed to enhance the performance metrics of 
QoS for IEEE 802.11 DCF in terms of throughput and delay under non-
saturated traffic load conditions. 
 
 The system throughput for the proposed algorithm and other related 
algorithms are evaluated under non-saturated traffic load conditions. The 
throughput results have been investigated under different contention window 
sizes. The traffic parameters used in the validations are based on the EPA 
model in the work of Wang et al. (2009). Results of extensive simulation 
experiments show that the proposed algorithm yields better performance 
throughput than other related backoff algorithms. 
 






 The average transmission packet delay for the proposed algorithm and other 
related algorithms are calculated under non-saturated traffic load conditions. 
The numerical results demonstrate that the proposed algorithm can maintain 
the average transmission packet delay at low value in comparison with other 
related backoff algorithms. 
 
1.7 Thesis Organisation 
 
This thesis is divided into seven chapters. In order to show how this thesis is 
organised, the plan and structure are presented below as a diagram in Figure 1.1. 
 
Figure  1.1: Thesis plan and structure 






In the following chapter, the rest of this thesis is organised as follows: 
 
Chapter 2: This chapter presents an overview and a comprehensive review of the 
literature. It presents a background of IEEE 802.11, its architecture and its 
mechanisms. Then, the chapter introduces and evaluates some related research about 
the performance modelling and QoS of IEEE 802.11DCF. Finally, it presents the 
problem statement and provides answers to some of the research questions. 
 
Chapter 3: This chapter presents the research methodology considered in this thesis. 
The chapter includes a discussion of the research design, research approach, 
justification, modelling methods, simulation environment and software tools used for 
implementation and validation. 
 
Chapter 4: This chapter presents the new performance analytical model of IEEE 
802.11 DCF based on the difference between the busy probability and collision 
probability in backoff mechanism. It presents the modelling, numerical results, 
simulation results and discussion. 
 
Chapter 5: This chapter presents an accurate estimation way of the medium access 
control layer packet delay distribution for IEEE 802.11 DCF. It presents the 
modelling, numerical results, simulation results and discussion. 
 
Chapter 6: This chapter presents the new backoff algorithm for contention window- 
based wireless networks. It presents the mechanism of the proposed algorithm, 
performance evaluation system in terms of throughput and Average packet 
transmission delay. Finally, this chapter discusses the performance results in 
comparison with other related algorithms. 






Chapter 7: This chapter presents the conclusion of this thesis. It presents the 
contribution that the thesis has made to develop the existing knowledge. It also 
discusses the limitations of the research work. Furthermore, future work is highlighted 
within this chapter. 
 
























The technologies of WLANs operate using radio frequencies and data transmissions. 
Therefore, the IEEE 802.11 standard is built on two specifications layers known as the 
PHY layer and the MAC layer. The PHY layer deals with transmitting bits over a 
communication transmission medium while the MAC layer interacts with the PHY layer 
to provide multiple access. Moreover, the reliability and the delivery of data are based 
on the MAC layer. This is because the MAC layer plays an important role in accessing 
the transmission medium, but still presents many challenges related to QoS. In order to 
understand and evaluate the performance modelling of IEEE 802.11 DCF, the details 
regarding the MAC layer will be carefully studied. It is important to know the 














DCF. However, as mentioned in the first chapter, the focus of this thesis will be on the 
basic access mechanism for IEEE 802.11 MAC - DCF. Therefore, in this chapter the 
components of DCF such as architectures, functions, and mechanisms will be described. 
Then, previous work related to performance modelling and enhancement of IEEE 
802.11 DCF will be discussed. 
 
 
2.2 Overview of IEEE 802.11 DCF 
 
Typically, WLAN equipment supports only the DCF due to the complexity of 
implementing the PCF such as WLAN routers (Ming et al. 2008). Thus, in this thesis 
the details of the PCF are not examined in detail, but the focus will be on the DCF. The 
DCF defines the basic access mechanism of IEEE 802.11 (Vassis and Kormentzas 
2005). It is developed to support multiple accesses and asynchronous data flow using 
carrier sense multiple access with collision avoidance (CSMA/CA) scheme with binary 
exponential backoff (BEB) algorithm. However, the LAN can detect the collisions using 
carrier sense multiple accesses with collision detection (CSMA/CD) scheme, but this 
technique is not possible for WLAN due to wireless environment. This is the reason the 
DCF is based on CSMA/CA scheme rather than CSMA/CD scheme. The CSMA/CA 
scheme allows stations to listen before transmitting, which is known as listen before talk 
(LBT) mechanism (Ming et al. 2008). Therefore, this scheme enables many stations to 
transmit over the same transmission medium. Moreover, the CSMA/CA scheme can 
help stations to detect the collision and then improve the transmission medium 
utilization. This is why the CSMA/CA scheme plays a major role in developing the 
standard of IEEE 802.11 such as IEEE 802.11e. 






2.2.1 Carrier Sense Multiple Access with Collision Avoidance Scheme 
 
The CSMA/CA scheme specifies two types of access methods. The basic access method 
is known as a two-way handshake mechanism, and an optional access method is known 
as a four-way handshake mechanism (Roshan 2003). The two-way handshake 
mechanism plays a major role in avoiding the collision risk using an acknowledgment 
(ACK) frame technique as shown in Figure 2.1. An ACK frame is used to confirm that 
the data has been successfully received. In this scenario, the transmitter station sends the 
data and waits for an amount of time known as the short inter frame space (SIFS) 
duration. 
 
Figure  2.1: Two - way HandShake mechanism (Data / ACK) 
If the transmitter station does not receive the ACK within SIFS duration, it will assume 
that there is a collision or data lost (Chatzimisios et al. 2005). Thus, the two-way 
handshake mechanism (DATA/ACK) is suitable for small data packets because it is 
based on short interval time. However, the hidden station problem cannot be detected 
using DATA/ACK and also the large data packet may lead to a collision risk. For these 
reasons, the CSMA/CA mechanism specifies the four-way handshake as an optional 
mechanism. In this scenario, the transmitter station can reduce the risk of collision using 






request to send/clear to send (RTS/CTS) packets as shown in Figure 2.2. In this way, 
the transmitter station can reserve the transmission medium by sending the RTS packet 
to receiver side. If the transmission medium is free, the receiver will confirm the 
reservation by replying the CTS packet to the sender station (Ming et al. 2008). 
 
Figure  2.2: Four - way Handshake mechanism (RTS / CTS) 
As a result, the four-way handshake mechanism RTS/CTS can reduce the probability of 
collision when transmitting long packets. Moreover, the RTS/CTS mechanism can deal 
with hidden station problems. This is because the four-way handshake mechanism 
enables the transmitter station to reserve the transmission medium before transmitting. 
 
 
2.2.2 Binary Exponential Backoff Scheme 
 
The IEEE 802.11 DCF standard is a completely distributed scheme; whenever more 
than one station attempts to access the transmission medium simultaneously, it will lead 
to a collision. However, if the collided stations attempt to access the transmission 
medium again, the transmission packets will collide as the multiple stations are 
synchronised in time (Gangrade et al. 2013). Therefore, multiple stations must be 
organised into time slots. To organise multiple stations temporally, a backoff scheme is 






generated such as the BEB algorithm. In DCF, the transmitter station first listens to the 
transmission medium until it becomes idle for a specific amount of time, called 
distribution inter frame space (DIFS) duration (Roshan 2003). After that, the station 
generates the backoff timer by following a backoff algorithm. The time value is defined 
as the contention window (CW). In the standard algorithm (BEB), the backoff timer will 
set between zero and CWmax. If the transmission medium is still idle, the backoff timer 
will decrease to zero and then the station can transmit. Otherwise, the transmission 
medium becomes busy during the back-off timer process, and then the station would 
freeze the backoff timer until the transmission medium becomes idle again. After each 
successful transmission, the CW will reset to zero. In cases when the transmitter station 
does not receive an ACK after SIFS duration, it will execute as when a collision has 
occurred, and the CW will be doubled size in value as shown in Figure 2.3. Therefore, 
the CW will continue to double until it is equal to CWmax or by obtaining the successful 
transmission (Gangrade et al. 2013). 
 
Figure  2.3: CW process in BEB scheme 
However, the collision probability will lead to unsuccessful transmission and then 
decrease the throughput. Therefore, improving the backoff algorithm will help to avoid 






throughput degradation and high delay transmission. This is why many researchers pay 




2.3 Literature Review 
 
This literature review serves three main purposes. It discusses and evaluates what others 
have done and discovered regarding performance modelling, the behaviour of MAC 
layer packet delay, and methods of backoff schemes. The literature review aims to 
define the gap in knowledge in order to reduce it or suggest possible solutions. 
 
 
2.3.1 Related Work on the Analytical Modelling of IEEE 802.11 DCF 
 
The famous performance analytical model for IEEE 802.11 DCF under saturated traffic 
load conditions is the model of Bianchi work in 2000. Bianchi represented the 
behaviour of a single station using a two-dimensional Markov chain analysis model, 
which is a suitable way to represent a series of transitions between different states such 
as the behaviour of IEEE 802.11 DCF. Consequently, many pieces of research work are 
based on this model. However, Bianchi (2000) provided the analysis for saturation 
throughput performance based on conditional collision probability. This model 
neglected the frozen period. Thus, the model assumed the busy probability and the 
collision probability are the same. Therefore, Taher et al. (2011) argued that the 
assumption of considering the channel busy probability and the collision probability as 






the same is not a justified assumption. This is because the busy probability and the 
collision probability are a different event and mechanism. 
 
There are alternative approaches to proposing or extending the analytical model of IEEE 
802.11. For example, in the work of Wang et al. (2009), the authors proposed a new 
analytical performance model under more flexible traffic sources using equilibrium 
point analysis (EPA). This analysis method is applicable in order to propose the 
analytical performance model for IEEE 802.11 DCF based on various traffic loads. It is 
a suitable method to evaluate the system throughput under different parameter settings. 
However, this model represented the transmission medium mechanism in idle state, 
transmission state and collision state. In this case, the authors did not take into account 
the mechanism for the busy probability. Dong and Varaiya (2005) proposed the 
performance analytical model for IEEE 802.11 DCF using virtual slot time under 
saturated traffic load conditions. The authors used virtual slot to represent transmission 
medium activity, which can represent transmission error. However, this method is a 
similar mechanism to an analysis model using two-dimensional Markov chain. The 
method is based on the collision probability and the error transmission probability but 
without any mention of the busy probability. Besides these, many researchers have 
extended‎Bianchi’s‎model‎in‎order‎to‎improve the performance model of IEEE 802.11 
DCF.‎However,‎Bianchi’s‎model‎has‎some‎limitations‎that must be investigated, such as 
an idle channel assumption (no errors and no hidden station exist), single-hop case, 
infinite packet retransmissions assumption, saturated traffic loads assumption, and 
performance analytical model based only on collision probability. Therefore, 
Vishnevsky and Lyakhov (2002) extended Bianchi's model to include the channel noise. 
Hou et al. (2003) also extended Bianchi's model from the single-hop case to the multi-






hop case. The authors have taken into account the hidden station problem by assuming 
an average number of hidden stations occur for each station. 
 
Ergen et al. (2005) proposed a new performance analytical model for IEEE 802.11a 
under non-saturated traffic load conditions. In this model the busy probability and the 
collision probability are assumed to be the same. Malone et al. (2007) extended 
Bianchi’s‎ model‎ to‎ non-saturated traffic load conditions. The change was made by 
adding a new state to represent the post backoff, which was not taken into account in 
Bianchi’s‎model.‎However,‎Malone’s‎model‎ is‎ based‎ on‎ the collision probability and 
idle probability.‎ Therefore,‎ Malone’s‎ model‎ did‎ not‎ consider the busy probability 
because it is extended the Bianchi model in terms of traffic load conditions only. 
 
On the other hand, many researchers pay great attention to the enhancement of the IEEE 
802.11 standard. For example, in the work of Lin and Wong (2006), the authors 
laboured on an enhancement distributed channel access (EDCA) under saturated traffic 
load conditions. The authors proposed a new performance analytical model for IEEE 
802.11e using mean value analysis (MVA). This method provides less computation 
overhead than the multi-dimensional Markov chain method. Hui and Devetsikiotis 
(2004) proposed a unified performance analytical model for IEEE802.11e-EDCA. In 
this work, the Markov chain analysis is based on Bianchi's model (Bianchi 2000), and 
the MVA, which is‎based‎on‎Tay’s‎model‎(Tay and Chua 2001), are combined into one 
model. The authors proposed a unified performance analytical model to reduce the 
complexity for applying and understanding the model. 
 
Most‎of‎ the‎above‎models‎extended‎Bianchi’s‎model.‎ In‎ this‎case,‎ the‎models‎did‎not‎
take into account the busy probability in analytical model. Some of the performance 






analytical models considered the busy probability and the collision probability to be the 
same, which is not a justified assumption (Alkadeki et al. 2013a, Alkadeki et al. 2013b). 
 
 
2.3.2 Related Work on the Behavior of the MAC Layer Packet Delay 
 
As mentioned in the previous section, most of the popular work for studying the 
behaviour of a single-hop case and performance for wireless network is based on the 
Markov chain analysis model. Therefore, Bianchi (2000) proposed a good evaluation 
performance model for IEEE 802.11 DCF under saturated traffic loads. However, 
network standard are based on several layers. Thus, the delay will occur on different 
layers such as MAC layer and upper layer. Wu et al. (2002) extended the Bianchi model 
by considering a maximum retry limit. In this model the DCF scheme is also modified 
to new scheme called DCF+, which can enhance the performance for transmission 
control protocol (TCP). This means that the authors worked on the MAC layer to 
improve the performance analysis model and the transport layer to support the 
transmission of packets over WLANs (Alkadeki et al. 2013c). He and Nahrstedt (2006) 
investigated the delay control problem over the upper layer to improve the QoS. This 
work showed that the upper layer could not provide delay support without the MAC 
layer service. 
 
On the other hand, there is a lot of research work focused on the MAC layer delay rather 
than the transport layer. For example, based on Markov chain analysis model, 
Chatzimisios et al. (2003) worked on the MAC layer to develop Wu's performance 
analysis model, by taking into account packet retry limits under saturated traffic load 
conditions. This work showed that the model considering the packets retry limits would 






provide better results than the model without considering the packets retry limits. 
Furthermore, Vukovic and Smavatkul )2004) enhanced Bianchi's performance 
analytical model from a two-dimensional Markov chain to a one dimensional Markov 
chain. Moreover, in this model, the authors calculated the average packet delay by 
reducing Wu's performance analytical model from a two-dimensional Markov chain to a 
one dimensional Markov chain. However, one dimensional Markov chain is a good idea 
for a simple calculation but it is not suitable for large networks (Alkadeki et al. 2013c). 
Therefore, Raptis et al. (2005) proposed a new performance analytical model to 
calculate the average packet delay of IEEE 802.11 DCF. In addition, the authors 
claimed that their model provides better accuracy than Vukovic’s‎model‎ in‎ (Vukovic 
and Smavatkul 2004). Raptis et al. (2009) developed the delay model for IEEE 802.11 
DCF under saturated traffic loads. The authors considered the most likely delay events, 
such as average packet delay, average packet drop time, packet delay jitter and packet 
delay distribution. However, the authors followed the same discrete time Markov chain 
in‎ Wu’s‎ model,‎ which extended the Bianchi model. Thus, the delay model did not 
account for the difference between the busy probability and the collision probability. 
 
Some research work has paid attention to predicting real time. For example, Qi et al. 
(2009) used multiplayer games to estimate the performance of IEEE 802.11 
infrastructure WLAN. The authors derived the delay, jitter, and throughput as a number 
of clients. Ivanov et al. (2011) proposed estimation method for packet service time 
distribution under saturated traffic loads. This model represented the behaviour of MAC 
layer delay as a terminating renewal process, which is based on successful transmission. 
In this model the authors did not take into account the busy probability. 
 






Most existing models focused on estimation of the average MAC layer packet delay but 
the packet delay distribution is still unsolved (Ivanov et al. 2011). In addition, most 
existing models do not take into account the difference between the busy probability 
and the collision probability. This is the reason much of the research work did not 
account for the busy probability. 
 
 
2.3.3 Related Work on the Methods of Backoff Algorithms 
 
As mentioned in Section 2.2.2, the backoff algorithm for IEEE 802.11 is very important 
for controlling channel access to maximize throughput and fairness (Cho and Jiang 
2015). There are several methods for extending or proposing backoff algorithms. Most 
of these are based on modifying the backoff parameters such as CW size and backoff 
stage (m), which is why much research has focused on modifying the CW size during 
the execution of the backoff algorithm to improve the performance of the IEEE 802.11 
DCF. Therefore, an appropriate CW size leads to an improvement in the system 
throughput by reducing the probability of collisions. However, some of the methods do 
not account for dynamic traffic loads. For example, according to research work in 
(Bharghavan et al. 1994), the authors proposed a new backoff algorithm, called the 
multiplicative increase and linear decrease (MILD) algorithm. Their work focused on 
modifying the CW size to CW×1.5 rather than doubling it after every unsuccessful 
transmission. Moreover, CW size is decremented by one after every successful 
transmission rather than resetting it to zero. However, decreasing the CW size gradually 
helps avoid any degradation in performance. Therefore, the MILD algorithm is better 
than the BEB algorithm over large networks. Deng et al. (2004) extended the MILD 






algorithm by creating a new algorithm called the linear increase linear decrease (LILD) 
algorithm. However, the authors applied CW+CWmin as the size rather than multiplying 
by 1.5 to avoid the problem of slow linear change. Therefore, the LILD algorithm 
provides good quality performance over large networks. In other research (Song et al. 
2003), the authors proposed a new backoff algorithm, called the exponential increase 
exponential decrease (EIED) algorithm. This algorithm is based on increasing and 
decreasing the CW size exponentially. Vitsas et al. (2005) proposed a new algorithm 
called the double increment double decrement (DIDD) algorithm. This algorithm is 
based on doubling the CW size after every unsuccessful transmission, in the same way 
as the BEB algorithm, but using CW/2 as the size after every successful transmission. 
The DIDD algorithm generates a better result than the other algorithms mentioned 
above. In addition, improving the BEB algorithm is still an active research topic. 
Therefore, Cheng et al. (2014) recently evaluated the performance of BEB as a poor 
algorithm due to a number of collisions and CW restoration after every successful 
transmission. This study is devoted to improve collision avoidance under saturated 
traffic loads. 
 
However, the above algorithms do not consider dynamic traffic loads. There are other 
interesting directions that can be taken. For example, according to the research in (Lin et 
al. 2008), the authors focused on channel traffic loads, and proposed a new algorithm 
called the exponential linear backoff algorithm (ELBA). ELBA combines both 
exponential and linear algorithms depending on traffic loads and provides better system 
throughput than the BEB, EIED, and LILD algorithms. Liang et al. (2008) used pause 
count backoff for monitoring channel traffic loads. This algorithm aims to set an 
appropriate CW size based on estimation results. Hai-Xia and Gang (2009) proposed an 






adaptive backoff algorithm based on the trade-off of efficiency and fairness for ad hoc 
networks. This work is based on a fair schedule to control the increase and decrease in 
CW size depending on the channel situation (idle or busy). Fu et al. (2009) considered 
dynamic traffic loads by proposing an algorithm based on monitoring the channel 
before data transmission. In this algorithm, each station can record the number of busy 
slots by opening an observation window. Thus, the sender can calculate a dynamic 
priority and CW size according to the number of successful transmissions. In (Balador 
and Movaghar 2010, Balador et al. 2012), the authors monitored the channel traffic 
loads by using a channel state (CS) vector, and proposed a new algorithm called the 
dynamic deterministic contention window control algorithm. This algorithm is based on 
monitoring the channel traffic load conditions by checking the CS. However, selecting 
the optimum CW size based on different traffic load conditions using the CS vector is 
difficult. 
 
Overall, the majority of research work has paid great attention to improving the 
performance of a saturated system without accounting for non-saturated traffic load 
conditions. Therefore, creating a new backoff algorithm under non-saturated traffic load 












2.4 Problem Statement 
 
In order to understand the difference between the busy probability and the collision 
probability in transmission mechanism, the MAC layer mechanism of IEEE 802.11 
DCF has been investigated. However, the transmission mechanism is based on 
CSMA/CA scheme and BEB algorithm. Thus, first the transmitter station senses the 
transmission medium. If the transmission medium is idle for DIFS duration, the 
transmitter station will set backoff timer between zero and CW. After that, the backoff 
timer starts decrementing when the transmission medium is still idle. The backoff timer 
continues decrementing until zero and then the transmitter station transmits the packet. 
In the event that the transmission medium becomes busy while the backoff timer is 
decrementing, then the backoff timer will be frozen until the channel becomes idle 
again. This frozen period in the performance model is known as busy probability as 
shown in Figure 2.4. On the other hand, the transmitter station can detect the packet 
which has been received successfully using the two-way handshake mechanism. 
Specifically, the transmitter station waits for SIFS duration to confirm that the packet 
has been received correctly by receiving the ACK frame. In case the transmitter station 
does not receive the ACK frame, it will assume that the data has been lost or collided. 
This event in the performance model is known as collision probability. The mechanism 
for the collision probability, as shown in Figure 2.5, is different from the busy 
probability. This is because in a collision mechanism, the transmitter station retransmits 
the packet by setting a new backoff timer such as double the CW and incrementing the 
backoff stage in BEB scheme. A summarised comparative study of the main differences 
between the busy probability and the collision probability is illustrated in Table 2-1. 






Events Busy mechanism Collision mechanism 
Duration 
It detects after DIFS period 
when the transmitter station 
senses the channel is busy. 
It detects after SIFS period when the 
transmitter station does not receive 
the ACK frame. 
Procedure 
Freezes the backoff timer 
until the channel becomes 
idle again. 
Retransmits packet by setting a new 
backoff timer and incrementing the 
backoff stage to the next stage. 
Reason 
The transmission medium is 
busy from another transmitter 
station or collision. 
Packet is lost or has collided because 
it crashed with another packet or any 
other reason. 
Ending 
When the transmission 
medium becomes idle again. 
When the transmitter station has 
received the ACK frame to ensure 
that the receiver station has received 
frame successfully. 
Mechanism Listen before transmit (LBT). Two-way handshake (Data / ACK). 
Table ‎2-1: Difference between the busy probability and the collision probability 
 
Based on the difference between the busy probability and the collision probability, a 
new analytical model is proposed to compute a packet transmission probability (τ) for 
IEEE 802.11 DCF under saturated traffic load conditions. After calculating τ, the 
saturated throughput simulation results are evaluated in extensive comparison with 
original model such as Bianchi's model. The comparison of throughput performance 
shows that the difference between probabilities must be taken into account in the 
analytical model. This is because the proposed model proves that the busy probability 






acts on the throughput performance, which means that the difference between the busy 
probability and the collision probability must be considered in order to achieve the most 
accurate prediction of performance evaluation. This leads to the investigation of the 
effect of the busy probability on estimation of delay distribution, which is important to 
enhance the QoS in IEEE 802.11 DCF. Therefore, an accurate way to estimate the MAC 
layer packet delay distribution for IEEE 802.11 DCF is proposed. This research work 
demonstrates that the analytical model including the difference between the busy 
probability and the collision probability agrees strongly with wireless network 
behaviour simulation. Therefore, this model provides a prediction of high quality 
compared with other related previous work. 
 
On the other hand, investigating the analysis of IEEE 802.11 DCF has helped to 
discover the limitations of the performance model such as non-saturated traffic load 
conditions and delay. Indeed, typical WLAN traffic load conditions are not saturated 
conditions. Therefore, this research work pays close attention to the saturated and the 
non-saturated traffic load conditions. In order to enhance the system throughput and the 
average transmission delay, a new backoff algorithm under non-saturated traffic load 
conditions is proposed. This algorithm presents better performance results than other 
related backoff algorithms. 







Figure  2.4: Busy mechanism of IEEE 802.11 DCF 







Figure  2.5: Collision mechanism of IEEE 802.11 DCF 








The chapter is divided into two parts. The first part reviews the basic components of the 
IEEE 802.11 DCF. It describes the components and functions of IEEE 802.11 DCF 
such as CSMA/CA, two-way and four-way hand shake. The procedure for transmission 
such as standard algorithm (BEB) is also explained. The second part reviews what other 
research work has been conducted with reference to what has been discovered regarding 
the performance modelling and enhancement of IEEE 802.11 DCF. It then considers 
and specifies the gaps in current knowledge. 
 
As can be seen from the CSMA/CA scheme with BEB for IEEE 802.11 DCF, and the 
literature review, there is a difference between the busy probability and the collision 
probability. However, the literature review illustrated that much research work did not 
take into account the main difference between the busy probability and the collision 
probability in analytical models of IEEE 802.11 DCF. Therefore, some research work 
considered the busy probability and the collision probability to be the same. Others 
ignore the busy probability and considered only the collision probability, which is not a 
justified assumption. The difference between the busy probability and the collision 
probability must be considered in the performance modelling and enhancement of IEEE 
802.11 DCF, because each probability will cause different delays during the 
transmission process. 
 
This thesis considers the difference between the busy probability and the collision 
probability to propose a new analytical model for calculating a packet transmission 
probability (τ), and also to evaluate the performance model of IEEE 802.11 DCF. 
Moreover, the difference between the busy probability and the collision probability are 






employed to propose an accurate estimation method of the MAC layer packet delay 
distribution for IEEE 802.11 DCF. 
 
The literature review also showed that the backoff algorithm for IEEE 802.11 is very 
important in controlling system throughput over contention window-based wireless 
networks. Additionally, the literature review illustrated that much research work has not 
accounted for non-saturated traffic load conditions. This provides the rationale for 
proposing a new backoff algorithm aiming to reduce the time delay, which leads to 
improvement of the system throughput. Specifically, proposing and implementing the 
new backoff algorithm under non-saturated traffic load conditions is considered through 


































3.1 Research Strategy 
 
The research strategy is important in defining the process for answering the research 
questions and meeting the objective of the study. To add clarity to the thesis, this 
chapter will illustrate the research life cycle to ensure there is an understanding of how 
this piece of work will be designed and implemented. 
 
 
3.1.1 Research Design 
 
Research design is the process of collecting, analysing, interpreting, and reporting data 
in research studies (Creswell et al. 2011). In order to design an action plan, the modified 














manage the process of the research work as shown in Figure 3.1. Therefore, the research 
work has the following stages, which were executed in order: 
 
 Literature Review: 
Presenting an overview of IEEE 802.11 DCF and related research work, 
including a detailed examination of the gaps in knowledge. 
 
 Modelling: 
Constructing and designing the proposed research work. The proposed research 
work is constructed from the summary of the above stage. A mathematical 
concept and language are used to propose and design this research work. 
 
 Implementation: 
Coding and running the above stage. A software program is used to implement 
the proposed research work. 
 
 Validation: 
Testing and demonstrating the proposed research work and comparing it with 
other related work. A software program is used also to make sure that the 
proposed research work has achieved the objective. 
 
 Acceptance: 
Evaluating and concluding the results. This is the final stage of the research 
work. In this stage, assurance will be sought that the proposed model has been 
completed with the desired results. Otherwise, it will be necessary to refer back 
to previous stages to improve the results. 
 







Figure  3.1: Research life cycle 
 
 
3.1.2 Research Approach 
 
According to the research design, the quantitative approach has been selected since the 
information collected through the literature review is translated into mathematical 
model. This approach is related to the numerical technique, which is the nature of 
mathematical modelling. Hence, the quantitative approach (scientific method) is a 
suitable approach in this situation for obtaining data and summarising the research 
information (Creswell 2003). 
 
 








As discussed in the literature review in the previous chapter, most existing models for 
IEEE 802.11 DCF did not take into account the difference between the busy probability 
and the collision probability, which will lead to the ignoring of the busy probability in 
the analytical model of IEEE 802.11 DCF. To overcome this weakness, this research 
work has been started by studying the main difference between the busy probability and 
the collision probability in the transmission mechanism of IEEE 802.11 DCF. Then it 
proposes a new analytical model to compute a packet transmission probability for IEEE 
802.11 DCF. This proposed model extends the work of Bianchi (2000), which is based 
on the collision probability only. The extension will lead to the production of a new 
performance evaluation model based on the busy probability and the collision 
probability. 
 
However, when consideration is given to the busy probability and the collision 
probability into the analytical model, it is possible to observe something new based on a 
significant change on the saturation throughput performance results compared with 
Bianchi’s‎ model.‎ This‎ study‎ shows‎ that‎ the busy probability acts on the saturation 
throughput performance in the same way as any other probability. For this reason, the 
busy probability is also taken into account to propose an accurate model to estimate the 
MAC layer packet delay distribution for the single hop of WLANs. The performance 
results show that the model provides prediction of high quality where the analytical 
model has a good agreement with IEEE 802.11 DCF behaviour simulation under 
saturated traffic load conditions. 
 






On the other hand, a great deal of attention is also paid to the improvement of the 
system performance for IEEE 802.11 DCF under non-saturated traffic load conditions. 
Therefore, a new backoff algorithm based on non-saturated traffic load conditions is 
proposed. Extensive simulation experiments show that the proposed algorithm provides 
better throughput performance and reduces the average transmission packet delay when 
compared with two other related backoff algorithms. The rest of this chapter will 





This section presents the fundamental method and techniques to develop the analytical 
model and the backoff algorithm. According to the research life cycle, literature review, 
mathematical concepts and language are used to propose and develop the performance 
model of IEEE 802.11 DCF. The mathematical model describes the behaviour of a 
system before using the software tools for implementation and validation the proposed 
research work as shown in Figure 3.2. 
 
 
Figure  3.2: Research framework 






Based on a quantitative approach, the information collected through the literature 
review requires translating into numeric information. Therefore, it is important to select 
a suitable method to design the proposed model, as explained in the subsections below. 
 
 
3.3.1 Modelling Method for Analysing IEEE 802.11 DCF 
 
Throughout the literature review, the performance analytical model of IEEE 802.11 
DCF was analysed in several ways, for example, Markov chain analysis model in one- 
dimensional, two-dimensional or multi-dimensional (Bianchi 2000, Vukovic and 
Smavatkul 2004, Taher et al. 2011, Tse et al. 2013, Kristic et al. 2013, Hoang et al. 
2014, Swain et al. 2015), EPA model (Wang et al. 2009), mean value analysis (Lin and 
Wong 2006) and virtual slot time (Dong and Varaiya 2005). In this research, the two- 
dimensional Markov chain analysis model has been used, which is a convenient way to 
represent a series of transitions between different states for the behaviour of IEEE 
802.11 DCF. 
 
This model is divided into two parts. First, the bi-dimensional Markov chain analysis 
model is used to describe the behaviour of a single station. Single station behaviour is 
represented by two-dimensional stochastic processes (s(t),b(t)) with the discrete-time 
Markov chain. The current size of CW is represented by s(t), and the current value of the 
backoff timer is represented by b(t). According to the binary exponential backoff 
algorithm, the current size of CW is represented by CW=2
i
CW, where i∈ (0, m) and m is 
represented a maximum backoff stage. The backoff timer is represented by k, where k∈ 
(0, Wi-1). Therefore, (s(t),b(t)) can be modelled by a two-dimensional Markov chain 
analysis model as shown in Figure 3.3. In addition, the packet transmission probability 






(τ) is calculated based on the difference between the busy probability and the collision 
probability. 
 
Second, the saturated throughput is evaluated in terms of τ. This facilitates the 
investigation of the impact of considering the differences between the busy probability 
and the collision probability on the performance system. This model provides an 
accurate prediction for system throughput, which can be a fundamental base for 
improving the performance model of IEEE 802.11 DCF. 
 
Figure  3.3: Markov chain for representing the proposed model 






3.3.2 Modelling Method for Estimating the MAC Layer Packet Delay Distribution 
 
Besides the two-dimensional Markov chain analysis model, terminating renewal 
processes theory (Feller et al. 1971) and previous related work of Ivanov et al. (2011) 
are used to propose an accurate analytical model for estimating the MAC layer packet 
delay distribution of IEEE 802.11 DCF under saturated traffic load conditions. The total 
delay obtained by a packet can be presented as follows: 
Total Delay = Delay on Upper Layers (above MAC) + Delay on MAC Layer 
 
In this study, the delay on the MAC layer only has been considered. For this reason, it is 
assumed that packets are not sent from the upper layers until the channel is free. 
Therefore, the MAC layer packet delay can be considered a terminating renewal 
process, which terminates with each successful transmission. This time delay includes 
the duration of a successful transmission and the duration of non-transmission. In this 
thesis, the MAC layer packet delay is represented as sequence of discrete random 
variables. These random variables represent the number of collision or frozen period, 
which are terminated by successful transmission as shown in Figure 3.4. 
 
Figure  3.4: Discrete time sequence 
 






3.3.3 Modelling Method for Analysing the Proposed Backoff Algorithm 
 
In order to run the proposed algorithm under non-saturated traffic load conditions, the 
EPA model is used. The EPA model provides a very convenient way to evaluate the 
system performance under non-saturated traffic load conditions (Wang et al. 2009). 
 
In the EPA model, if there are a large number of nodes or high collision rate, the 







Throughput of the BEB algorithm under the EPA model can be calculated as 
 𝐸[𝑆(𝑥)] = 𝑥𝑒
𝑇, 
where: S(x) is the conditional throughput in state x. 
However, the proposed algorithm adaptively changes the CW size with respect to the 
collision rate or the transmitting nodes. Therefore, the proposed algorithm under the 







As a result of using the EPA model, the traffic load behaviour will follow Poisson 
distribution with rate time/packets. Therefore, the performance system of the proposed 
algorithm can be investigated under various traffic load conditions. 






3.4 Implemented Research Option 
 
This section presents the tools used in implementing this research work. Typically, the 
choice of research implementation depends on the availability of requirements. There 
are two ways to obtain research findings: 
 
 Hardware option. 
 Software option. 
 
However, due to the complexity and expense of implementing a hardware experiment, a 
software experiment is considered a more suitable option to do the research work. The 
software program is widely used and well recognized in engineering research. 
 
Consequently, modelling and simulation have become well-known methods to gain 
information about the behaviour of the proposed model without actually testing it in real 
life. For example, if we wanted to propose a new performance model for WLANs, we 
would be able to use suitable software to create a computer simulation of the proposed 
model. Then, we can evaluate the performance model without the need to use hardware. 
 
In this thesis, the throughput and the average transmission packet delay are evaluated 
without using any hardware tools. This is why a software option is selected to 
implement the research work, which is more convenient and cheaper than hardware 
tools. MATLAB software is used as the developing, implementing and validation tool. 
MATLAB (Matrix Laboratory) is a widely used tool in the engineering community 
specifically suitable for mathematical manipulation, data analysis and simulation. 






Given that this research work is based on a mathematical model, data analysis and 
simulation. Thus, MATLAB is a suitable tool for conducting this research work and it is 
used on multipurpose schemes as follows: 
 
 To check and prove that the total probability for the proposed models is 
equal to one. 
 
 To implement the new analytical proposed model to compute a packet 
transmission probability for IEEE 802.11 DCF under saturated traffic 
load conditions. 
 
 To implement the new performance evaluation model for IEEE 802.11 
DCF under saturated traffic load conditions. 
 
 To validate the accuracy and compare the saturated throughput results of 
the proposed model with other related models. 
 
 To implement the new analytical model for estimating the MAC layer 
packet delay distribution of IEEE 802.11 DCF under saturated traffic 
load conditions. 
 
 To validate the accuracy and compare the delay distribution results of the 
proposed model with WLANs behaviour simulation results. 
 
 To implement the new backoff algorithm for contention window-based 
IEEE 802.11 DCF under non-saturated traffic load conditions. 
 






 To test the throughput performance for the proposed backoff algorithm 
under non-saturated traffic loads and compare the system throughput 
results with other related algorithms. 
 
 To calculate the average transmission packet delay for the proposed 
backoff algorithm under non-saturated traffic loads and compare the 
results with other related algorithms. 
 
Besides MATLAB software, Maple software is also used to undertake calculation of 
certain equations such as polynomial equations. Maple software is a simpler and faster 
tool to solve equation problems. This is the reason Maple software is used in some cases 
of calculation equations. 
 
 
3.5 Simulation Study 
 
This section presents the simulation environment and assumptions used in this research 
work. The accuracy of the proposed analytical models and algorithm has been validated 
through extensive MATLAB simulation experiments. All stations are considered 
stationary and operate according to the standard IEEE 802.11 DCF based MAC protocol 
(IEEE 1999) using 1 Mbit/s basic rate (physical slot time = 50 μs, SIFS = 28 μs, DIFS = 
128 μs) with a data frame payload size of 8184 bits. Remaining parameters are 
summarised in Tables 4-2, 5-1 and 6-1. 
 
Two scenarios of traffic load conditions are simulated. Therefore, both of saturated and 
non-saturated traffic load conditions are considered. Each of them assumes a fixed 






number of stations and a fixed data packet length. In addition, every station is able to 
communicate with each other and thus there are no hidden terminals in simulation 
experiments. In this way, the network topology is considered a single-hop ad hoc 
wireless network with n stations, where the stations communicate directly without the 
use of a router and access point. 
 
The entire simulations are executed in a sequential process and re-defined according to 
the demand, as shown in Figure 3.5. Therefore, all the results obtained in the simulation 
experiments should present a significant improvement compared with other related 
work. 
 
Figure  3.5: Simulation process management 
 
 








This chapter presents the research life cycle, which is a sequence of design processes. 
Each stage is based on the outcome of the previous stage. Based on the nature of the 
research work, the quantitative approach has been considered. The research methods 
involved in this chapter include the Markov chain analysis model, terminating renewal 
processes theory, and EPA model. In addition, the implementation tools and simulation 
environment have concluded through this chapter. The following chapter will deal with 
the proposed analytical model, numerical results, simulation results and validation. 
  
Chapter 4 : Performance Analysis of IEEE 802.11 DCF based on the Busy 















Performance Analysis of IEEE 802.11 
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4.1 Performance Modelling 
 
In this section, modelling techniques are presented and the issues related to the new 
proposed model of IEEE 802.11 DCF are discussed. In particular, a new analytical 
model is proposed for computing a packet transmission probability (τ). Then, the system 
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4.1.1 Analytical Model  
 
As mentioned in the Methodology Chapter, a two-dimensional Markov chain analysis 
model is the modelling method. This method has been used to extend Bianchi's model in 
terms of a packet transmission probability (τ). The Bianchi model assumed that the τ 
depends on the collision probability only, which is not a justified assumption. This 
limitation has been removed in this research work in order to propose an accurate 
analytical model for IEEE 802.11 DCF. The key difference between this model and the 
Markov chain model of Bianchi’s‎ work (2000) is that a new probability (pb) is 
introduced. The busy probability (pb) is introduced using a stationary distribution (bi,k), 
where k must be greater than zero. This is because if k = 0, then a transmission has 
occurred. In this case, the proposed model considers the busy probability (pb) and the 
collision probability (pc) to be two independent events during the MAC transmission 
mechanism as shown in Figure 4.1. The collision event occurs when multiple stations 
start transmissions simultaneously. While the busy event is considered if the channel is 
sensed as busy due to a transmission from another station. 
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Figure  4.1: State transition diagram of the proposed analytical model 
 
As can be seen from Figure 4.1, the two-dimensional stochastic processes (s (t), b (t)) 
will be analysed with the discrete-time Markov chain denoted by (i,k). For convenience, 
the same channel assumptions of Bianchi (2000) are used. Therefore, it is assumed that 
the wireless channel is idle and saturated conditions with fixed number n of stations. 
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This Markov chain model represents the transmission mechanism of IEEE 802.11 DCF 
in five transition probability states. These transition probabilities are represented, 
respectively: 
 
 Idle state: The backoff timer is decremented at the beginning of each slot time 
when the channel sensed idle (Bianchi 2000). 
 
 Successful transmission state: The sender station has received an ACK and 
the backoff timer of the new packet starts from 
the backoff stage= 0 (Bianchi 2000). 
 
 Busy state: The channel is busy and the backoff timer of the sender station is 
frozen at k > 0 (Alkadeki et al. 2013a). 
 
 Collision state at i stag: Unsuccessful transmission and collision occurred at 
the backoff stage i and the packet requires 
retransmitting at new backoff stage (Bianchi 2000). 
 
 Collision state at m stag: Unsuccessful transmission and collision occurred at 
the maximum backoff stage (m), which will lead to 
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The above accounts are in discrete-time whose nonzero transition probabilities as 
described in Table 4-1 below. 
Account Equation Conditional 
1. Idle state (Bianchi 2000) P [(i,k)│(i,k+1)] = 1-pb / Wi 
k ∊ ( 0,Wi-2), 
i ∊ ( 0,m ). 
2. Successful transmission state 
(Bianchi 2000) 
P [(0,k)│(i,0)] = (1-pc) / W0 
k ∊ ( 0,W0-1), 
i ∊ ( 0,m ) 
 
3. Busy state (Alkadeki et al. 
2013a) 
P [(i,k)│(i,k)] =  pb / Wi 
k ∊ ( 1,Wi-1), 
i ∊ ( 0,m ) 
 
4. Collision state at i stag 
(Bianchi 2000) 
P [(i,k)│(i-1,0)] = pc / Wi 
k ∊ ( 0,Wi-1), 
i ∊ ( 1,m ) 
 
5. Collision state at m stag 
(Bianchi 2000) 
P [(m,k)│(m,0)] = pc / Wm 
k ∊ ( 0,Wm-1), 
i = m 
 
Table ‎4-1: Transition probabilities account 
 
In this case, the stationary distribution is denoted as: 
 
bi,k = lim t → ∞, P{s(t) = i, b(t) = k}, 
where: P (i1,k1│i0,k0):=P(st+1=i1,bt+1=k1│st=i0,bt=k0). 
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where: P(i,k│j,ℓ):=P(st+1=i,bt+1=k│st=j,bt=ℓ) are the transition probabilities. 
 
 
4.1.2 Packet Transmission Probability 
 
As mentioned above, the discrete-time Markov chain process was denoted by (i,k). 
Therefore, the behavior of single station can be divided into several states as shown in 
Figure 4.1. 
 
(b0,k, bi,0, bi,k, bm,0, bm,k, b0,0) 
 
As a result of deriving the formulae for these states, τ can be computed. 
 
For the network depicted in the model diagram in Figure 4.1, the following equation can 
be derived: 
 

















From (1), (3), and (4) respectively in Table 4-1, the probability for transmission can be 
derived, collision probability and busy probability in one equation: 
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Further, from a zero stage in the model diagram in Figure 4.1, the backoff procedure can 
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As can be seen from Figure 4.1, the backoff counter direction (k) was represented 
horizontally, and the backoff stage direction (i) was represented vertically. Therefore, 
the stationary probability (bi,k) represents all possible states, which can be obtained by 
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In this case, the mathematical equations for all the parts in the model diagram can be 
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From the equation(4.8), bi,0 can be considered as follows: 
 

























































When (i) achieve the final backoff stage (m), as a consequence: 
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  , and the equation (4.14) can be 
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c pbpb 0,0,0   










































The only unknown quantity is the stationary probability (b0,0), which can be found from 
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Finally, b0,0 can be computed based on the busy probability (pb), and the collision 
























































Once b0,0 is found, all the stationary probabilities are obtained through equations (4.10), 
(4.11), (4.12), (4.17), and (4.18). Therefore, the probability that a station is in states 


































































4.1.3 Saturated Throughput 
 
The throughput is a very important parameter for evaluating the system performance of 
IEEE 802.11 (Gupta and Rai 2013). However, the transmission packet probability (τ) 
plays a major role in the throughput calculation. Thus, the throughput is expressed in 
terms of τ by analysing the events that occur in an average slot. In this case, the obtained 
value of τ from the above-proposed analytical model is used to evaluate the system 
throughput. The same expression for throughput can be used as in Bianchi (2000). 
Therefore, the saturated throughput‎will‎ be‎ calculated‎ in‎ the‎ same‎way‎ for‎Bianchi’s‎
model by the following ratio: 
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where the required time to transmit payload bits successfully is defined by: 
 
 Transmission probability(Ptr) in a slot is calculated by: 
 
,)1(1 ntrP   (4.20) 
 

















where (n) is the total number of stations. Besides these probabilities, there is a collision 
time (Tc) and a successful transmission time (Ts) taken into throughput calculation 
account denoted by: 
  DIFSPEHT basc ][   (4.22) 
  
  DIFSACKSIFSPEHT bass ][  (4.23) 
  
Based on the assumption of all packets having the same fixed size, the average of packet 
payload size can be considered the same as: 
],[][ PEPE   
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where E [ P
*
 ] is the average of the longest packet payload involved in a collision 
probability (Bianchi 2000). 
 
Therefore, once the τ is obtained from the previous section, the equations (4.20), (4.21), 
(4.22) and (4.23) can be calculated. Then the equation (4.19) can be obtained, which 
will enable the evaluation of the throughput performance of IEEE 802.11 DCF under 
saturated traffic load conditions. 
 
 
4.2 Performance Evaluation 
 
In this section, both numerical and simulation results of the proposed analytical model 
are presented. In addition, the accuracy of the proposed model is investigated. 
Furthermore, the comparison between the proposed model simulation results and 
Bianchi’s‎model‎simulation results are presented. 
 
 
4.2.1 Analytical Results 
 
The proposed analytical model is carried out using MATLAB programming language. 
The analysis calculation is implemented based on the system parameters for the basic 
access mechanism in bits, and in 50 μs slot time units as described in Table 4-2. 
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Table ‎4-2: System parameter settings for the analysis of IEEE 802.11 DCF under 
saturated conditions (Bianchi 2000) 
 
First, the τ is calculated from the above analytical model based on the difference 
between the busy probability and the collision probability in transmission mechanism. 
However, the probability theory identified that all probabilities must be less than or 
equal to one. Therefore, random values between (0, 1) can be used to represent the busy 
probability (pb) and the collision probability (pc) as shown in Table 4-3. Then the 
obtained τ can be used to obtain and evaluate the system throughput by solving the 
equation (4.19). 
This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis can be viewed 
in the Lanchester Library Coventry University.
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pb pc τ 
Throughput: (W = 32, m = 3) 
n = 10 n = 20 n = 30 n = 50 
0.8 0.2 0.0457 0.72 0.66 0.64 0.6 
0.7 0.3 0.0381 0.75 0.69 0.66 0.62 
0.6 0.4 0.0309 0.76 0.71 0.68 0.63 
0.5 0.3 0.0382 0.74 0.7 0.66 0.61 
0.4 0.2 0.0435 0.738 0.68 0.65 0.6 
0.3 0.2 0.0462 0.71 0.65 0.63 0.58 
0.2 0.1 0.0538 0.7 0.61 0.59 0.57 
pb pc τ 
Throughput: (W = 32, m = 5) 
n=10 n=20 n=30 n=50 
0.8 0.2 0.0451 0.73 0.67 0.66 0.61 
0.7 0.3 0.0358 0.76 0.72 0.69 0.64 
0.6 0.4 0.0261 0.78 0.74 0.7 0.66 
0.5 0.3 0.0360 0.75 0.71 0.67 062 
0.4 0.2 0.0455 0.74 0.70 0.66 0.6 
0.3 0.2 0.0456 0.72 0.68 0.64 0.69 
0.2 0.1 0.0538 0.7 0.61 0.59 0.57 
Table ‎4-3: Numerical results of saturated throughput based on different values of the 
busy probability and the collision probability 
 
As can be seen from Table 4-3, the numerical results have shown that the saturated 
throughput (S) depends on the number of stations in the ad hoc wireless network, which 
is the same as Bianchi's model. The results show that a large number of stations will 
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produce lower throughput and vice versa. In addition, this research work shows that the 
Bianchi model and other related models agree strongly about the relationship between 
the throughput and the number of stations, but it is also observed that the busy 
probability causes changes in the throughput. This is because the busy probability added 
a time delay when the channel becomes busy. This duration of time will affect the 
throughput result and performance evaluation model of IEEE 802.11 DCF. Therefore, it 
is necessary to consider the difference between the busy probability and the collision 
probability in the transmission mechanism through an analytical model. 
 
 
4.2.2 Model Validation 
 
This subsection first investigates the accuracy of the proposed analytical model through 
extensive MATLAB simulation experiments and then uses the proposed model to 
evaluate the saturated throughput of IEEE 802.11 DCF in‎ comparison‎with‎Bianchi’s‎
model. The section is implemented into three scenarios in the following subsections. 
 
 
4.2.2.1 Mathematical Model Validation 
 
As previously mentioned, the probability theory states that all probabilities must be less 
than or equal to one. Therefore, MATLAB program is used to check the accuracy of the 
proposed analytical model. This check is obtained by confirming that the total 
calculation of transmission probabilities packet is equal to one. The confirmation was 
achieved by proving the equation (4.24). 
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After confirming that the total of stationary probabilities is equal to one, the modelling 
implementation and simulation can be completed as described in the following sections. 
 
 
4.2.2.2 Analytical and Simulation Results Comparisons 
 
The accuracy of the proposed model is validated through the extensive comparison of 
the analytical performance results with those obtained from MATLAB simulation 
experiment. The simulation experiment is implemented over the same parameters and 
assumption for the analytical‎ model‎ and‎ Bianchi’s‎ model‎ as‎ described‎ in‎ Table‎ 4.2.‎
Therefore, the idle channel, finite number of stations and saturated traffic load 
conditions are taken into account.‎However,‎Bianchi’s‎model‎was‎based‎on‎the‎collision‎
probability only. Thus, the proposed model is built on the busy probability and the 
collision probability. In the simulation experiment, the busy probability is a constant 
value of EIFS duration as described in Table 4-2. This duration is the time delay in 
seconds which a station will face in case of busy channel. 
 
Figure 4.2 presents a good agreement between the analytical results and corresponding 
simulation results specifically at values (pb = 0.4, pc = 0.2), where W = 32 and m = 3 as 
illustrated in Table 4-3. The gap between simulation and analytical model can be 
justified by the difference between simulation environment and model assumption. In 
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addition, the performance results show that the system throughput depends on the busy 
probability, the collision probability, and the number of stations. 
 
Figure  4.2: Analytical performance results versus simulation performance results, 
where: (m = 3, W = 32, n = 50) 
 
 
4.2.2.3 Performance Comparisons 
 
The performance of the proposed model is compared with Bianchi's model in terms of 
throughput under saturated traffic load conditions. Both models are simulated for 10 and 
50 stationary nodes, respectively. The system parameters for both the models simulation 
have been set as illustrated in Table 4-2. In order to prove that the busy probability 
affects the throughput performance, the simulation results of the proposed model are 
then compared with Bianchi's model simulation results, as shown in Figure 4.3. 
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Figure 4.3 demonstrates that the proposed model performs much better over large 
networks as‎ compared‎ to‎ Bianchi’s‎ model.‎ On‎ the‎ other‎ hand,‎ Bianchi’s‎ model‎
performs better over small networks. However, adding the busy probability will result 
in enough waiting time for transmission stations. This enables stations to avoid the 
collision probability over large networks, which can lead to increasing the system 
throughput. On the other hand, the busy probability will lead to delay over a small 
network, which will decrease the system throughput. This observation emphasises the 
importance of taking into account the difference between the busy probability and the 
collision probability. The comparison of the performance results shows that the busy 
probability must not be ignored, nor be assumed the same as the collision probability. 
Therefore, it is necessary to take all the possible events for the transmission mechanism 
in order to accurately evaluate the IEEE 802.11 DCF standard. 
 
Figure  4.3: Performance comparison between the proposed model and Bianchi's model, 
where: (m = 3, W = 32, n = 50) 
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In this chapter, the performance of IEEE 802.11 DCF under saturated traffic load 
conditions has been studied. In particularly, the impact of adding the busy probability in 
the analytical model of IEEE 802.11 DCF has been evaluated. Using the difference 
between the busy probability and the collision probability, a new analytical model for 
computation of the packet transmission probability (τ) has been proposed. The accuracy 
of the analytical model has validated through MATLAB programming language by 
proving the total probability is equal to one. 
 
The motivation of this chapter was to prove that the difference between the busy 
probability and the collision probability affects the performance of IEEE 802.11 DCF. 
Therefore, it is important to consider the difference between both probabilities through 
the analytical model. This helps in achieving the most accurate prediction of the 
performance evaluation model of IEEE 802.11 DCF. 
 
Furthermore, the chapter also discussed the saturated throughput‎based‎on‎calculating‎τ‎
from the proposed model. The experiment was implemented under the same parameters 
and assumptions for Bianchi's model. It was demonstrated that the proposed model 
performance works well over a large network by comparing it with Bianchi's model. 
This is because the busy probability can reduce the number of the collision probabilities 
over a large network, which will lead to increasing the system throughput. It proved that 
the difference between the busy probability and the collision probability must be taken 
into account through the analytical model. 
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Finally, the accuracy of the performance evaluation model has been validated through 
the MATLAB simulation experiment, and the performance results were then compared 
with those achieved by an analytical model and Bianchi's model. The above research 
work has been published in an international conference paper (Alkadeki et al. 2013a) 
and in Dline journal (Alkadeki et al. 2013b). The following chapter will discuss the 
estimation method of the MAC layer packet delay distribution for IEEE 802.11 DCF 
under saturated conditions based on considering the difference between the busy 
probability and the collision probability in transmission mechanism. 
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Estimation of the MAC Layer Packet 





5.1 Performance Modelling 
 
In this section, the events of the MAC layer during the backoff transmission 
mechanism of IEEE 802.11 DCF are presented. The Markov analysis model is used to 
present the difference of time delays. The analytical model for estimating the MAC 
layer packet delay distribution for IEEE 802.11 DCF is proposed. The proposed model 
takes into account the renewal process theory and the difference between the busy 
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5.1.1 Transmission Mechanism in MAC – DCF 
 
As mentioned in the previous chapter, there are five transition probabilities according 
to the possible events during the backoff transmission mechanism of IEEE 802.11 
DCF. These events are represented using the Markov analysis model as shown in 
Figure 5.1. 
 
Figure  5.1: Time events during the backoff mechanism in IEEE 802.11 DCF 
represented by bi-dimensional Markov analysis model 
 
As can be seen from Figure 5.1, the total time is regarded as a sequence of intervals of 
empty delay time (DEmp), successful delay time (DSuc), busy delay time (DBus), and 
collision delay time (DCol). 
Consequently, the discrete time delays are calculated using the following equations: 
DEmp = 50 µs  (5.1) 
DSuc = RTS + SIFS + CTS + SIFS + H + E [P] + SIFS + ACK + DIFS  (5.2) 
DCol = RTS + DIFS (5.3) 
DBus = DIFS + SIFS + ACK (5.4) 
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5.1.2 Analytical Model for the MAC Layer Packet Delay Distribution 
 
The network in this study has 20-30 stationary nodes; each node is equally likely to 
transmit. This uniform distribution was considered because the time was very short. 
Therefore, this proposed model is based on two probabilities to represent the behaviour 
of the model for each state. These probabilities were represented by the probability of 
the sender station attempting a transmission (τtr), and the probability of one neighbour 
station attempting a transmission (τnb). In this case, the following possible different 
probability events have been considered and calculated by the equations (5.5), (5.6), 
(5.7), (5.8), and (5.9): 
PEmp = (1 - τtr). (1 - τnb) 
n-1
,    (5.5) 
PSuc  = (n - 1). τnb. (1 - τtr).(1 - τnb) 
n-2
,    (5.6) 
POwn = τtr. (1 - τnb) 
n-1
,    (5.7) 
PCol   = τtr. (n -1). τnb. (1 - τnb) 
n-2
,    (5.8) 
PBus   = 1 - PEmp - POwn - PSuc - PCol ,    (5.9) 
 
where: 
 PEmp : Idle state (no transmission packet attempts). 
 PSuc : One‎of‎neighbour’s‎attempting‎to‎transmit‎packet. 
 POwn : The sender station attempting to transmit packet. 
 PCol : Packet transmission simultaneous attempt. 
 PBus : Channel busy by packet transmission or packet collision. 
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As mentioned in Methodology Chapter, the MAC layer packet delay was represented 
as sequence of discrete random variables and terminated by each successful 
transmission as shown in the equation (5.10). 
Sn = T1 + T2 + T3 +‎……..+‎Tn + Dsuc , (5.10) 
where Ti represented the discrete random variable for time delay in seconds when a 
station will face in case of a collision or frozen period (Alkadeki et al. 2013c). All Ti 
have the same improper probability distribution function (F) and probability density 
function (f). In addition, the DEmp, DSuc, DCol, DBus are the random variables whose 
corresponding probability density functions are PEmp, PSuc, PCol, PBus which are 
obtained from the equations (5.5), (5.6), (5.8) and (5.9). Therefore, 
PEmp = f (DEmp) 
PSuc = f (DSuc) 
PCol = f (DCol) 
PBus = f (DBus) 
However, PEmp, PSuc, PCol, PBus present the probabilities of the slots or transmission 
attempts in which a station will not transmit. Therefore, probability distribution 
function (F) will be equal to one if (POwn) is added to it. 
F defines in this research work as follows: 
F‎(∞)‎=‎1‎- POwn  
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From the theory of probability and stochastic, it is known that the f can be obtained by 
taking the derivation of F. On the other hand, F can be obtained by integrating the f. 
However, from the renewal process theory (Feller et al., 1971), if the basic renewal 




. F(dy) = 1  
  (5.11) 
 
It is known that the transform variable or the Laplace transform variable can be 
represented by x. Therefore, the equation (5.12) can be derived by obtaining the value 
of x. Then the process terminates after a time value t as follows: 
 
P(M > t)  ≈
1 − F(∞)
X.µ
. e−x.t,  
(5.12) 
where: 
µ = ∫ y. ex.y
∞
0
. F(dy)  (5.13) 
The equation (5.11) and the equation (5.13) can be considered as the following: 
𝑃𝐸𝑚𝑝. 𝑒
𝑥.𝐷𝐸𝑚𝑝 + 𝑃𝑆𝑢𝑐 . 𝑒
𝑥.𝐷𝑆𝑢𝑐+𝑃𝐶𝑜𝑙. 𝑒
𝑥.𝐷𝐶𝑜𝑙   + 𝑃𝐵𝑢𝑠. 𝑒
𝑥.𝐷𝐵𝑢𝑠 = 1  (5.14) 
𝐷𝐸𝑚𝑝. 𝑃𝐸𝑚𝑝. 𝑒




𝑥.𝐷𝐵𝑢𝑠 =  µ  
(5.15) 
 
As a result of obtaining x value from the equation (5.14) and μ value from the equation 
(5.15), the estimation of the equation (5.12) can be done. Therefore, the MAC layer 
packet delay distribution for IEEE 802.11 DCF can be estimated from the equation 
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(5.16) and the equation (5.17) by obtaining the value of probability (P {M>t}) as 
follows: 
𝑃 {𝑑 ∈ [𝑎; 𝑏]} = 𝑃 {𝑀 > 𝑎}   −  𝑃{𝑀 > 𝑏}          (5.16) 
𝑃 {𝑑 ∈ [0; 𝑐]} = 1 −  𝑃{ 𝑀 > 𝑐}       (5.17) 
 
Equations (5.16) and (5.17) represent the MAC layer delay distribution (d) as a 




5.2 Performance Evaluation 
 
In this section, the performance results of the proposed model are compared with 
wireless network behaviour simulation experiment. In addition, the performance results 
of the proposed model will be compared with previous related research work of Ivanov 
et al. (2011). 
 
 
5.2.1 Numerical Results 
 
The time delays were calculated with the help of equations (5.1), (5.2), (5.3), and (5.4) 
and the values given in Table 5-1 are illustrated in Table 5-2. 
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Table ‎5-1: System parameter settings for the proposed model based on theory of 
terminating renewal processes (Ivanov et al. 2011) 
 
 
Therefore, the time delay values are as follows: 
DEmp DSuc DCol DBus 
50 µs 9412 µs 478 µs 456 µs 
Table ‎5-2: Time delay values 
 
 
This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis can 
be viewed in the Lanchester Library Coventry University.
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5.2.1.1 Numerical Results over 20 Nodes   
 
The probabilities were calculated with the help of equations (5.6), (5.7), (5.8), and 
(5.9) where n = 20. Therefore, the values of probability were obtained as illustrated in 
Table 5-3. 
PEmp PSuc PCol PBus POwn 
0.3585 0.3585 0.0189 0.2453 0.0189 
Table ‎5-3: Probability values over n = 20 
 
To obtain the real value of x it is necessary to calculate the roots of the equation (5.14). 
This can be done easily, by converting it into polynomial equation and then a real root 
is obtained using Maple software as shown in the equation (5.18) and the equation 
(5.19). Therefore, by substituting 𝑒𝑋.50.10
−6















 – 1 = 0 (5.19) 
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This equation has 188 possible solutions. Therefore, Maple program will be used for 
the numerical calculations to find the roots of the equation (5.19). The real root for t 






ln (1.000261721) = x.50.10
-6 
x = 5.234 
Therefore, by obtaining x value then the value for μ can be obtained by the equation 
(5.15). Finally, the values for x and μ have been used to solve the equation (5.12) 
during the interval service time between 0 and 200 ms. Figure 5.2 presents the results 
between the probability distribution and time interval as a histogram. 
 
Figure  5.2: Performance results of the proposed model over n = 20 
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5.2.1.2 Numerical Results over 30 Nodes 
 
The calculation process is the same as the previous section. Therefore, the probabilities 
were calculated with the help of equations (5.6), (5.7), (5.8), and (5.9) where n = 30. 
The probabilities values were obtained as illustrated in Table 5-4: 
PEmp PSuc PCol PBus POwn 
0.3617 0.3617 0.0125 0.2517 0.0125 
Table ‎5-4: Probability values over n = 30 
 
To obtain the real value of x it is necessary to calculate the roots of the equation (5.14). 
This can be done easily, by converting it into polynomial equation and then a real root 
is obtained using Maple software as shown in the equation (5.20) and the equation 
(5.21). 
Therefore, by substituting 𝑒𝑋.50.10
−6















 – 1 = 0 (5.21) 
 
This equation also has 188 possible solutions. Therefore, Maple program will be used 
for the numerical calculations to find the roots of the equation (5.21). However, 
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. Therefore, the value of x can be obtained using Maple program as 
follows, x = 3.5. 
 
In addition, by obtaining x value then the value for μ can be obtained by the equation 
(5.15). Finally, the values for x and μ have been used to solve the equation (5.12) 
during the interval service time between 0 and 200 ms. Figure 5.3 presents the results 
between the probability distribution and time interval as a histogram. 
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5.2.2 Model Validation 
 
In this section, the performance results of the proposed analytical model are compared 
with the wireless network behaviour based on the work of Bianchi (2000). 
Furthermore, the performance results are also compared with the previous related work 
of Ivanov et al. (2011). In this case, the same system parameters and assumptions have 
been used as in the previous related work for τtr and τnb; both are considered the same 
as τ value in the work of Bianchi (2000) as follows: 
 
𝑃 = 1 − ( 1 − 𝜏)𝑛−1, (5.22) 
𝜏 =
2
1 + 𝐶𝑊 + 𝑃. 𝐶𝑊. ∑ 2𝑥𝑃𝑖𝑚−1𝑖=0
 , 
(5.23) 
where CW is the minimum contention window, and m represents the maximum backoff 
stage. 
 
The system parameters used for both the proposed analytical model and the simulation 
experiments are illustrated in Table 5-1. Figures 5.4 and 5.5 present the knowledge of 
the possible estimation for packet delay distribution using Equation (5.16) and 
Equation (5.17). Each station requires 8200 μs to transmit 8184 bits of data packet 
length through a 1 Mbps wireless channel. A MATLAB simulation experiment runs 
models 20 minutes of work of a real wireless network, and all results are averaged over 
20 iterations. 
 
Chapter 5 : Estimation of the MAC Layer Packet Delay Distribution for 






As can be seen from the figures, the analytical results closely match those obtained 
from the simulation experiments of the behaviour of IEEE 802.11 DCF standard, 
which validates the accuracy of the proposed model. These results present the packet 
delay right tail distribution function (RTDF), where (RTDF (x) = P(X > x) for x∈ ℜ 
probability that packet delay exceeds x). In these experiments, the errors do not exceed 
0.0082 for networks of 20 nodes and 0.0025 for networks of 30 nodes. 
 
Figure  5.4: Performance comparison between the proposed model and IEEE 802.11 
DCF simulation over n = 20 
 
Chapter 5 : Estimation of the MAC Layer Packet Delay Distribution for 







Figure  5.5: Performance comparison between the proposed model and IEEE 802.11 
DCF simulation over n = 30 
 
Table 5-5 demonstrates that the proposed model can achieve better accuracy than the 
previous work of Ivanov et al. (2011), where the errors were 0.0332 for networks of 20 
nodes and 0.0235 for networks of 30 nodes. On the other hand, the proposed model 
and the previous work of Ivanov et al. (2011) agree strongly about the effects for DEmp, 
DCol, and DBus are minor in comparison to that of DSuc. Furthermore, the proposed 
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Network Nodes (n) 
Error Comparison under 200 ms 
Proposed Model Previous Model 
20 0.0082 0.0332 
30 0.0025 0.0235 





In this chapter, the packet delay distribution based on the MAC layer has been studied. 
However, the MAC layer provides a way for channel access. Therefore, several events 
can happen during the channel access and may cause delay during transmission. In this 
study, the terminating renewal process theory for modelling the MAC layer packet 
delay distribution of IEEE 802.11 DCF was used. In addition, the proposed solution 
considered the difference between the busy probability and the collision probability, 
which will lead to improvement of the accuracy for estimating the MAC layer packet 
delay distribution for single-hop wireless network. 
 
The motivation of this chapter was to prove that the model considering the difference 
between the busy probability and the collision probability can help to guarantee an 
accurate analytical model for estimating the MAC layer packet delay distribution of 
IEEE 802.11 DCF. However, the delay is a very important parameter to guarantee the 
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QoS. Consequently, the proposed model may enable the capture of the behaviour of the 
MAC layer packet delay distribution of IEEE 802.11 DCF, which can support the QoS 
of IEEE 802.11 DCF standard. 
 
The simulation results showed that the proposed analytical model provides a good 
agreement with IEEE 802.11 DCF behaviour simulation experiment. Furthermore, the 
proposed model provides prediction of high quality as expected. The above research 
work has been published in (Alkadeki et al. 2013c). The following chapter will present 
the performance enhancement of IEEE 802.11 DCF by proposing a new backoff 
algorithm under non-saturated traffic load conditions. 
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6.1 Backoff Strategy 
 
In this section, the proposed algorithm is discussed in detail. The discussion starts by 
describing the principle behind the proposed algorithm in terms of mechanism and 
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6.1.1 Principle of the Proposed Algorithm 
 
As mentioned in the previous literature review (Chapter 2), most existing models do 
not consider traffic loads under non-saturated conditions, and thus do not take into 
account practical network operation. In this section, a new backoff algorithm is 
proposed, called the dynamic control backoff time algorithm (DCBTA). The DCBTA 
is implemented under non-saturated traffic loads using the equilibrium point analysis 
(EPA) model in the work of Wang et al. (2009). This is because the EPA model 
provides a very convenient way to evaluate the system performance under non-
saturated traffic loads. Therefore, the presentation of the DCBTA algorithm under 
more flexible traffic sources is enabled. Furthermore, it is possible to investigate the 
network traffic load conditions under a different number of stations. 
 
In the DCBTA, channel conditions are checked by a CW threshold (CWThreshold). The 
CWThreshold value serves as a reference point for the collision rate. Therefore, CWThreshold 
plays a major role in the proposed algorithm as illustrated in Figure 6.1. The CWThreshold 
value is dependent on the maximum contention window size (CWmax), where the value 
of CWThreshold is equal to half that of CWmax. For example, the value of CWmax in (Wang 
et al. 2009) was selected to be 1024. In this case, the value of CWThreshold is set to 512. 
 
Figure 6.1 shows that the proposed algorithm enables the detection of heavy or light 
traffic load using the CWThreshold value. After every unsuccessful transmission, if the 
CW size is smaller than the CWThreshold value, that is, a light traffic load, the CW size is 
doubled as (2×CW) similar to the BEB algorithm. Conversely, if the CW size is greater 
than CWThreshold, that is, a heavy traffic load, the CW size is doubled and incremented 
by two as (2×CW+2). Adding two to double the CW size leads to a decrease in the 
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collision probability, thus increasing system throughput. A summary of this discussion 
is given below: 
 
 Light traffic load: 
            If (CWi ≤‎CWThreshold) 
            Successful transmission: CWi = CWi−1−1;  
            Else (CWi = CWi−1×2). 
 
 Heavy traffic load: 
            If (CWi > CWThreshold) 
            Successful transmission: CWi = CWi−1−2; 
            Else (CWi = CWi−1×2+2). 
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Figure  6.1: Underlying mechanism of the proposed algorithm (DCBTA) 
 
 
6.1.2 DCBTA under EPA Model  
 
As mentioned in the Methodology Chapter, the traffic load generated by each station 
follows the Poisson distribution with rate t/packets. Thus, the packet transmission 
probability (R) plays a pivotal role in the EPA model mechanism. In networks with a 
large number of nodes or a high collision rate, the proposed algorithm results in a very 
low probability of transmission. In this case, the CW size increases to more than the 
threshold size, resulting in a high traffic load. The throughput formula is the same, 
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Otherwise, the value of CWi decreases to less than or equal to the threshold value, 
resulting in a low traffic load. Then, Ri is calculated in the same way as the BEB 
algorithm under the EPA model. In the case of successful transmission, the CWi size 
decreases gradually to avoid performance degradation. However, if the CWi size is less 
than or equal to CWThreshold, the CW size for the next stage CWi+1 is decremented by 
one as follows: 
𝐶𝑊𝑖 = 𝐶𝑊𝑖−1 − 1 
 
If CWi is greater than CWThreshold, CWi+1 is decremented by two as follows: 
 
𝐶𝑊𝑖 = 𝐶𝑊𝑖−1 − 2 
 
 
6.2 Performance Evaluation 
 
In this section, the proposed backoff algorithm is compared with related algorithms in 
terms of throughput and average packet transmission delay. The comparative 
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6.2.1 Simulation Settings 
 
The proposed and related algorithms are implemented based on the EPA model 
assumption in the work of Wang et al. (2009). Therefore, there are no hidden terminals 
and system performance can be investigated under more flexible traffic sources with 
fixed packet length. The different system parameters used in the simulation 
experiments are summarised in Table 6-1. 
Table ‎6-1: System parameter settings for the performance evaluation of the proposed 
algorithm (Wang et al. 2009) 
 
This item has been removed due to 3rd Party Copyright. The unabridged version of the thesis 
can be viewed in the Lanchester Library Coventry University.
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6.2.2 Comparison of Throughput 
 
System performance of the proposed algorithm (DCBTA) is compared with that of the 
BEB algorithm under non-saturated traffic load conditions in the work of Wang et al. 
(2009). In addition, the performance of DCBTA is compared with other related 
algorithms, such as ELBA in the work of Lin et al. (2008). ELBA combines both 
exponential and linear algorithms, which is why it was selected for comparison with 
the proposed algorithm. The number of nodes is set to 50; the maximum number of 
backoff stages equals six. Figure 6.2 illustrates the throughput performance for 
DCBTA compared with the BEB algorithm and ELBA under various traffic load 
conditions. The results show that the throughput performance of DCBTA is better than 
that of the BEB algorithm and ELBA under various traffic loads. 
 
Figure  6.2: Non-saturated throughput comparison of the proposed algorithm and 
various related backoff algorithms, where ( CWmin = 8, m = 6 ) 
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To investigate the impact of using different CWmin size, Figure 6.3 plots the throughput 
performance for DCBTA, BEB, and ELBA with a varying size of 8, 16, and 32 CWmin. 
The throughput increases when CWmin increases, since increasing CWmin contributes to 
collision avoidance. Moreover, system throughput depends on the incoming data 
(Alam et al. 2013). Therefore, the throughput result is equal to the increase in the 
incoming traffic data rates if the traffic load is low. Otherwise, throughput becomes 
saturated if the amount of data is sufficiently high. Hence, the system performance 
strongly depends on system parameters, such as CWmin and m. 
 
Figure 6.3 clearly shows that DCBTA provides better throughput results than BEB and 
ELBA with different CWmin size under various offered loads. The DCBTA allows the 
stations to adjust CW value appropriately according to the traffic load variation within 
the network. This means that the DCBTA mechanism can reduce the number of 
collisions, which will lead to increased system throughput. In addition, the 
performance results show that DCBTA has lower performance degradation than BEB 
and ELBA. The reason for this is that the CW size decreases gradually after every 
successful transmission. 
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Figure  6.3: Non-saturated throughput comparison of the proposed algorithm and 
various related backoff algorithms with varying CWmin ( 8, 16, 32 ), m = 6 
 
 
6.2.3 Comparison of Delay 
 
In the work of Wang (2009), the EPA model represented the MAC channel in idle, 
transmission, and collision states under varying traffic load conditions. The MAC 
channel was proposed as a multi-dimensional discrete-time Markov chain analysis 
model. Therefore, the delay can be represented as a sequence of discrete-time delays as 
follows: 
Average Transmission Delay = Total Delay / Total number of Transmissions, 
where: 
 
Chapter 6 : Improving Performance of IEEE 802.11 DCF by a Dynamic 






 Total Delay = Total Transmission Time + Total Time Delay in the Collision + 
Backoff Time + Empty Slot. 
 
 Total Transmission Time = Transmission Time of single Packet * Total number 
of Transmissions. 
 
 Transmission Time of single Packet = RTS + SIFS + CTS + SIFS + Data + 
SIFS + ACK + DIFS. 
 
 Total Time Delay in the Collision = Delay Time of single Collision * Total 
number of Collision. 
 
 Delay Time of Single Collision = RTS + DIFS. 
 
Average packet transmission delays for the BEB algorithm, ELBA, and DCBTA are 
calculated over 100 stationary nodes. For further investigation, the performance of 
algorithms is also examined under different CWmin values of 32, 64, and 128. All the 
assumptions and system parameters related to this experiment are the same as in the 
previous section. Figure 6.4, Figure 6.5, and Figure 6.6 show the delay comparison of 
the BEB, ELBA, and DCBTA algorithms under the EPA unsaturated model. The 
increment in CW size in the BEB and ELBA algorithms results in greater delay 
compared to that of the DCBTA algorithm. This means that the DCBTA mechanism 
produces a small delay by reducing a collision rate. Actually, when there is a high 
offered traffic load, the CW size should be kept large to avoid frequent collision. 
Moreover, DCBTA reduces CW size more slowly after successful transmission in 
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order to avoid the collision probability. For these reasons, it can clearly be seen that the 
proposed algorithm has a smaller average transmission delay than that of the BEB and 
ELBA algorithms, as shown in the figures below. 
 
Figure  6.4: Average packet transmission delay with CWmin = 32, m = 6 
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Figure  6.5: Average packet transmission delay with CWmin = 64, m = 6 
 
Figure  6.6: Average packet transmission delay with CWmin = 128, m = 6 
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In this chapter, a new backoff algorithm under non-saturated traffic load conditions 
was proposed to represent actual network situations. A suitable model was selected to 
evaluate system performance under non-saturated traffic loads such as the EPA model. 
 
The motivation of this chapter was to enhance the performance of the IEEE 802.11 
DCF under non-saturated traffic load conditions in terms of system throughput and 
time delay. To realize this, a new backoff algorithm was proposed and then integrated 
with the EPA model. 
 
The simulation results showed that the proposed algorithm (DCBTA) improves the 
system throughput compared with BEB algorithm and ELBA algorithm. In addition, 
simulation results show that the proposed algorithm (DCBTA) presents better system 
throughput than the BEB algorithm and ELBA. In addition, calculation of the average 
packet transmission delay for each algorithm shows that the DCBTA provides a better 
time delay than the BEB algorithm and ELBA. This is because the DCBTA decreases 
the time delay, which leads to an increase in system throughput. However, throughput 
and delay are both relevant for QoS. Therefore, the proposed algorithm may help to 
enhance QoS of the IEEE 802.11 DCF. To support QoS, a possible further extension of 
the DCBTA would be to consider the optimum threshold for CW size. The above 
research work has been submitted to Ad hoc and Sensor Wireless Networks journal for 
publication. The following chapter will conclude the research work and discuss the 
possible future work. 


















This research work has provided very important theoretical and experimental 
evidence in the performance modelling and enhancement of IEEE 802.11 DCF. The 
research work involved three main tasks. The first task was focused on the 
performance evaluation model of IEEE 802.11 DCF, and the second task was to 
propose an accurate analytical model for estimating the MAC layer packet delay 
distribution for IEEE 802.11 DCF. Finally, the third task was to enhance the system 
performance of IEEE 802.11 DCF in terms of throughput and delay. The scenarios of 
saturated and non-saturated traffic load conditions have been taken into account 
throughout this research work. 
 
As a result, this chapter discusses the research objectives which have been met and 
concludes the research work undertaken in this thesis. This chapter also provides the 














7.1 Major Contributions 
 
The main achievements in this research work are summarised as follows: 
 
 A new analytical model has been developed for computing a packet 
transmission probability of IEEE 802.11 DCF under saturated traffic load 
conditions. The differences between the busy probability and the collision 
probability have been taken into account through the analytical model. The 
analytical results demonstrated that the total of stationary probability of the 
developed model has proved it is equal to one and then the formula for 
computing the packet transmission probability has been derived. 
 
 The developed model has been used to evaluate the system throughput of 
IEEE 802.11 DCF under saturated traffic load conditions. The throughput 
results have highlighted the importance of taking into account the differences 
between the busy probability and the collision probability in transmission 
mechanism for the accurate evaluation of the system performance model in 
IEEE 802.11 DCF. The accuracy of the proposed model is validated through 
the extensive experiment comparison of the analytical performance results 
with those obtained from simulation experiments and original performance 
model. 
 
  An accurate analytical model for estimating the MAC layer packet delay 
distribution for IEEE 802.11 DCF has been developed under saturated traffic 
load conditions. This model was developed based on the differences between 
the busy probability and the collision probability in transmission mechanism. 






The results have demonstrated that the developed analytical model has 
presented a good agreement with IEEE 802.11 DCF simulation. Furthermore, 
the developed analytical model has demonstrated better accuracy results than 
previous related work of Ivanov et al. (2011). 
 
 A novel backoff algorithm for IEEE 802.11 DCF has been proposed under 
non-saturated traffic load conditions. The algorithm is proposed to enhance 
both delay and throughput performance of IEEE 802.11 DCF.  In particular, the 
EPA model is used to demonstrate the algorithm under non-saturated traffic 
load conditions. The extensive simulation experiments have demonstrated that 
the proposed algorithm delivered better system performance than other related 
algorithms. 
 
The simulation experiments and validation of the above proposed models and 
algorithm have been carried out using MATLAB. In addition, Maple has been used to 




7.2 Limitations of the Research Work 
 
The thesis mainly aimed to investigate and enhance the performance modelling of 
IEEE 802.11 DCF. Although this research work has achieved its aims and main 
objectives, the limitations of this research work are detailed below: 
 
 






 Length of data packets:  
In this research work, the data frame payload size has been considered a fixed 
size. This is because the research work has paid great attention to the impact of 
the probabilities according to the possible events during the backoff 
transmission mechanism of IEEE 802.11 DCF. In addition, the system 
parameter settings which were used to propose the models or algorithm 
assumed that the packet length of data frame payload to be fixed. For example, 
the proposed algorithm implemented under EPA model, which is an analytical 
tool, used a fixed data packet length. 
 
 Hidden nodes: 
This research work is based on IEEE 802.11 DCF single-hop WLANs. In this 
case, all stations can communicate with each other directly. Therefore, the 
hidden nodes were ignored in this thesis. This is because the problem of 
hidden nodes is well-known in multi-hop rather than single-hop WLANs. In 
addition, the system parameter settings that were used to propose the models 
or algorithm assumed that the channel is in an idle condition (i.e. no hidden 
nodes). 
 
 System parameters: 
The system parameters adopted in this research work have followed the IEEE 
802.11 standard (IEEE 1999), such as the work in (Bianchi 2000, Wang et al. 
2009, Ivanov et al. 2011). These system values were used to perform 
experiments in terms of modelling and validation. This is because most 
existing models are based on those parameters. Therefore, those parameters 
have been used in order to compare the proposed model with other related 






models. However, recently the timeslots of realistic system parameters are five 
times shorter than those parameters. Thus, realistic parameters should be 





This thesis has presented a number of contributions to the field of WLANs 
performance modelling, especially to the enhancement of the performance modelling 
of IEEE 802.11 DCF. As stated in Section 7.1, the aims and objectives of this research 
work have been met successfully. In this research work, a two-dimensional Markov 
chain analysis model was selected to analyse the behaviour of a single station, as the 
backoff timer and the backoff stage can be very clearly represented. In order to 
investigate the impact of considering the difference between the busy probability and 
the collision probability on the system performance, a new analytical model for 
computing a packet transmission probability of IEEE 802.11 DCF has been proposed. 
Most existing work for analytical model ignores the busy probability that can lead to 
inaccurate results of the system performance. Thus, the proposed model has used to 
evaluate the saturated throughput of IEEE 802.11 DCF. The performance results 
highlight the importance of taking into account the differences between the busy 
probability and the collision probability in transmission mechanism for an accurate 
evaluation performance model. 
 
Furthermore, the differences between the busy probability and the collision 
probability in the transmission mechanism have been used to propose an accurate 
analytical model for estimating the MAC layer packet delay distribution of IEEE 






802.11 DCF. The terminating renewal process theory has been used in order to 
represent the MAC layer packet delay as sequence of discrete random variables 
terminated by successful transmission. The packet delay right tail distribution function 
results of the proposed model demonstrate a good agreement with the wireless 
network behaviour simulation. Therefore, the proposed model presents an accurate 
method for estimating the MAC layer packet delay distribution for IEEE 802.11 DCF. 
 
This research work has also highlighted other issues relating to the enhancement of 
the system performance for IEEE 802.11 DCF. A review of the analysis of IEEE 
802.11 DCF has led to the proposal of a new backoff algorithm in order to enhance 
the system performance by reducing the delay through the transmission mechanism. 
In addition, most existing models are based on saturated traffic load conditions which 
are not a new representation of network conditions. Therefore, the new backoff 
algorithm has been implemented under various traffic load conditions, which are a 
real representation of actual network conditions. In particular working environments, 
the EPA model is used to implement the algorithm under non-saturated traffic load 
conditions. The performance results have shown that the proposed algorithm offers 
better system performance than other related algorithms. Moreover, the extensive 
simulation experiments have demonstrated that the proposed algorithm can work very 
well under non-saturated traffic load conditions. 
 
However, this research work has paid great attention to the enhancement of the 
system performance in terms of throughput and delay, which are both relevant for the 
QoS. Therefore, this research work can lead to the improvement of the QoS in IEEE 
802.11 DCF. 
 






7.4 Future Work 
 
This research work has produced several interesting ideas, which can be used to 
extend the proposed models and algorithm or may even recommend possible 
developments in WLANs, as follows: 
 
 The performance modelling and the analysis of IEEE 802.11 DCF have 
presented very important theoretical and practical works in the design and 
enhancement of WLANs. Based on analytical modelling development, this 
research work has proved that there is a significant difference between the 
busy probability and the collision probability, especially in term of 
transmission mechanism. This difference can be taken into account to 
investigate and propose: 
 
 Analytical model under non-saturated traffic loads. 
 
 Delay model. 
 
 Packet delay and transmission energy analysis. 
 
 Energy consumption model. 
 
 Guarantee the QoS for real time application in WLANs.  
 
 This research work has paid great attention to the behavior of the single 
station, which is enabled us to capture and investigate the behavior of the 
MAC in terms of the system throughput and the access delay. Therefore, this 
research work has proposed an accurate analytical model for estimating the 






MAC layer packet delay distribution for IEEE 802.11 DCF single-hop 
network. However, the MAC protocol design presents more challenge to 
multi-hop than single-hop WLANs (Hoang et al. 2014, Sanada et al. 2015). 
Consequently, possible further work will seek to obtain the packet delay 
distribution over multi-hop wireless networks. 
 
 The proposed algorithm is based on using the CWThreshold. The size for the 
CWThreshold is dependent on the CWmax, where the value of CWThreshold size 
equals the half value of the CWmax size. Possible further work of the proposed 
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A.1 Organization of the Study 
 
As mentioned in the previous Methodology Chapter, the research life cycle was 
conducted in five stages. Each stage led to the production of a specific chapter or more. 
These stages can be summarised as follows: 
 
 Literature Review: 
The data collection from the literature review was used to inform and propose 
the research questions, the research approach and define the gap in knowledge. 
The information obtained throughout the literature review has also informed the 
chapters, namely Chapter 1, Chapter 2 and Chapter 3. 
 
 Modelling: 
The practical research work was started by a mathematical modelling design to 
enhance the gap in knowledge of IEEE 802.11 DCF. Therefore, this stage is 
covered in detail through results and discussion chapters, specifically Chapter 4, 
Chapter 5 and Chapter 6. 
 
 Implementation: 
The proposed works were implemented through this stage using software. The 
implementation stage is referred to and discussed throughout the results and 








The aforementioned implementation stage was validated through this step by 
comparing the analytical results with the simulation results, or by comparing 
with other related work. If the result showed good progress in improving the gap 
in knowledge, then the research work would be accepted it. Otherwise, the 
previous stages would be necessary to investigate again. Therefore, this stage is 
also included in the result and discussion chapters, namely Chapter 4, Chapter 5 
and Chapter 6. 
 
 Acceptance: 
The previous stages are discussed in detail in Conclusion Chapter. 
 
In order to implement the above stages, the research work was conducted in four phases 
respectively as the following: 
 
 Phase 1. 
 
 Phase 2. 
 
 Phase 3. 
 
 Writing up Stage. 
 
In each phase the data were collected through literature review, modelling and 
experiments. A specific plan of research work and time management had been assigned 
to each phase, in order to achieve the objective of this research work and complete the 







A.1.1 Phase 1 
 
In the first phase the study was focused on producing the literature review in order to 
detect the point of weakness in IEEE 802.11 DCF. The collected data were used to 
propose the project plan, research questions and methods to enhance the performance 
model of IEEE 802.11 DCF. The following activities were implemented during the first 
phase: 
 
 Research Planning: 
This is very important stage in which to organise and document the research 
work. A good plan will lead to a guarantee of the time management schedule 
for the completion of overall research work, quality work and documentation. 
Therefore, the plan had been prepared during the beginning of study to ensure 
achievement of the objectives within an agreed period of time. A Gantt chart 
was used to manage the plan and show the research tasks schedule. 
 
 Initial Literature Review Preparation: 
Throughout this stage the previous works relating to the performance 
modelling and enhancement of IEEE 802.11 DCF were analysed and 
evaluated. The literature review and the initial research questions were drafted. 
 
 Methodology: 
The methodology approach was selected based on a review of the information 
collected from the literature review and checked against the research questions. 
The literature review confirmed that the best way to undertake this research 







best way to approach enhancement of the performance models of WLANs is by 
using mathematical modelling and computational program. 
 
 Data Collection: 
Through this stage the data were collected from the literature review and 
supervisor team discussion. 
 
 Data Analysis: 
The data collection was used to understand and identify the idea to enhance the 
point of weakness in IEEE 802.11 DCF. The research questions relevant to the 
objectives were asked and confirmed based on the data collected and analysed. 
 
 Implementation: 
After the data had been analysed were used to implement the research work. 






Throughout Phase 1, modelling and calculations were done. Also in this phase, 
the performance modelling of IEEE 802.11 DCF was implemented based on 
the difference between the busy probability and the collision probability in 
transmission mechanism. The Markov chain analysis model was used for 
modelling purpose. Then the MATLAB program was used to prove the total of 








 Final Phase Preparation: 
At the end of each phase, progress was checked by the progress review panel 
members (PRP 1). In addition, the presentation and the research plan were 
presented during the end of the phase. 
 
 
A.1.2 Phase 2 
 
In the second phase the study had completed the previous work by proposing model 
validation as the following: 
 
 The analytical performance results were proposed and compared with the 
proposed model simulation results using MATLAB. 
 
 The performance model was also evaluated and compared with other related 
model using MATLAB. 
 
In addition, an accurate way for estimating the MAC layer packet delay distribution of 
IEEE 802.11 DCF was proposed using the Markov chain analysis model and 
terminating renewal processes theory. Maple program was used to undertake some 
calculation of the equations. Then the MATLAB was used to implement and validate 
the proposed model as the following: 
 
 The proposed analytical model results were implemented and compared with the 
behavior of IEEE 802.11 DCF. 
 
 The performance model was evaluated by comparing with other related model 












A.1.3 Phase 3 
 
In the third phase the study was focused on publishing the previous works. Therefore, a 
conference paper was created and published through presentation the paper at the 
International Conference on Networking Applications 2013. In addition, a poster was 
created and presented through the university symposium. Finally, throughout this phase, 
two papers were drafted and published in international journals. 
 
Furthermore, the study in Phase 1 and Phase 2 were focused on the performance model 
of IEEE 802.11 DCF under saturated traffic load conditions. Therefore, the study in 
Phase 3 paid attention to studying the performance model of IEEE 802.11 DCF under 
non-saturated traffic load conditions. A new backoff algorithm for IEEE 802.11 DCF 
under non-saturated traffic load conditions was proposed. The proposed algorithm was 
implemented and compared with other related algorithms in terms of throughput and 
average packet transmission delay using MATLAB. Finally, phase completion was 
completed by presenting overall progress to, and passing, PRP 3. 
 
 
A.1.4 Writing up 
 
This is the final stage for completion and documentation this research work. All the 
previous works were drafted and summarised as shown in Figure A.1. In addition, the 








Figure A.1: Writing up process 
 
 
A.2 Project Timelines 
A Gantt chart was used to present the schedule and progress of the research work. All 
activities and time duration were listed and shown using the Gantt chart. Therefore, the 

















A.2.1 Gantt Chart for Phase 1 
 
The following Gantt chart shows the different activities with starting and ending date 






































1. Research preparation, 
planning and Draft 
literature review.  
        
2. Attend Module M001 
DCR and spcific module 
credits APLed (45 
credits). 
           
3. Choosing methodology 
and MATLAB practice. 
          
4. Data collection and data 
analysis. Research 
questions confirmation. 
          
5. Modelling proposal for 
packet transmission 
probability of IEEE 
802.11 DCF.  
         
6. Prove the total stationary 
probabilities in the 
proposed model are 
equal to one. 
           
7. PRP 1 examination and 
Phase 1 completion. 







A.2.2 Gantt Chart for Phase 2 
 
The following Gantt chart shows the different activities with starting and ending date 
during the Phase 2: 
Tasks Activities 









































           
2. Model simulation.            
3. Model validation.            
4. Model evaluation.            
5. Draft a conference 
paper. 
           
6. Modelling proposal 
for estimating the 
MAC layer packet 
delay distribution for 
IEEE 802.11 DCF. 
        
 
   
7. Model simulation.            
8. Model evaluation 
and validation. 
            
9.  PRP 2 examination 
and Phase 2 
completion. 












A.2.3 Gantt Chart for Phase 3 
 
The following Gantt chart shows the different activities with starting and ending date 









































1. Draft a journal paper 
1. 
            
2. Draft a journal paper 
2. 
            
3. EPA model 
implementation 
           
4. Attend an 
international 
conference. 
            




           
6. Throughput 
evaluation. 
           
7. Delay evaluation.           
8. PRP 3 examination 
and Phase 3 
completion. 












A.2.4 Gantt Chart for Writing up 
 
The following Gantt chart shows the different activities with starting and ending date 
during the Writing up stage: 
Tasks Activities 


































1. Draft a journal paper 
3. 
          
2. Draft chapter 1 and 
revision. 
           
3. Draft chapter 2 and 
revision. 
           
4. Draft chapter 3 and 
revision. 
           
5. Draft chapter 4 and 
revision. 
           
6. Draft chapter 5 and 
revision. 
           
7. Draft chapter 6 and 
revision.  
           
8. Draft chapter 7 and 
appendix.. 
           
9. Thesis proofreading 
and references 
revision. 
           
10. Revision of thesis  
and submission 










A.3 Development Activities 
Besides the above research activities, other activities were undertaken during the study 
to ensure the quality of the research work. These included the following activities: 
 
 Meetings with Supervisory Team: 
A very essential activity to discuss the research work progress or any other 
issue related to the study. Regular meeting provided a good opportunity for 
proposing the development plan, problem discussion and reviewing the 
progress. 
 
 Seminars and Conferences: 
Attending seminars and/or conferences provided a good opportunity for 
developing of research skills, updating knowledge and for learning from other 
people experiences. Therefore, many seminars and conferences were attended 
during the study, for example: 
 
 World Congress on Multimedia and Computer Science (WCMCS) in 
2013 in Tunisia. 
 
 International Conference on e - Business Engineering (ICEBE) in 2013 
in UK. 
 
 Research Symposium was held in university in 2014. 
 









 Workshop Attended: 
Attending workshops were very useful to gain the necessary knowledge, 
research skills and techniques. Different workshops attended during the study 
included: 
 
 Planning and Drafting your Thesis. 
 
 Ref Works. 
 
 Preparing for your PRP. 
 
 MATLAB for Data Analysis and Advanced Symbolic and Numerical 
Modelling. 
 
 How to Write a Successful Journal Paper. 
 
 Getting Published. 
 
 Creating a Scientific Poster. 
 
 Time Management and Motivation. 
 















In this chapter, the project activities, schedule and planning have been presented. As can 
be seen from the above description, the research life cycle has been implemented into 
three phases and documented in the writing up stage. However, the research work is 
based on modelling and computational program. Therefore, the quantitative approach 
has been assigned for analysing and summarising data. In order to manage and plan the 
research work, the Gantt chart has been used to ensure the research stayed on track and 
achieved the main objectives at specified time. Moreover, many other development 








Appendix B: Codes for the Proposed Performance Analysis of IEEE 







As mentioned in the Methodology Chapter, MATLAB was used to implement and 
validate this research work. Appendix B presents the codes that were used to propose 
and implement the tasks in Chapter 4. 
 
 
B.2 Analytical Model 
 
Based on the probability theory, the total probability must be less than or equal to one. 
Therefore, this section presents the analytical model and codes that were used to prove 
that the total stationary probabilities were equal to one for the proposed model. In 
addition, the calculation of the packet transmission probability (τ) is presented. Then, τ 
can be used to evaluate the saturated throughput (S) based on different values of the 












% Analytical model program 
%........................................... 
 





% max backoff stage (m) & contention window (W)  
m =3;  
W = 32; 
 
% collision probability (pc) & busy probability (pb), where the probability values are 
random between (0, 1) for example: 
pc = 0.2; 
pb = 0.4;  
 
% allocate the output array 
b = []; 
 
% calculate b_{0,0} 
% as the MATLAB counted from one, therefore b_{0,0} is replaced by b_{1,1} 
Wm = W*2^m; 
b(1,1) =  pc^m / (1-pc) + 1 / (1-pb/Wm)*pc^m / (1-pc)*(Wm-1) / 2; 
for i = 0:m-1 
    Wi = W*2^i; 
    b(1,1) = b(1,1) + pc^i+pc^i / (1-pb/Wi)*(Wi-1) / 2; 
end 









% fill in b_{0,k} (equation (4.10)) 
W0 = W; 
for k = 1:W0-1 
    b(1,k+1) = b(1,1) / (1-pb/W0)*(1-k/W0); 
end 
  
% fill in b_{i,0} (equation (4.11)) 
for i=1:m-1 
   b(i+1,1) = pc^i*b(1,1); 
end 
 
% fill in b_{i,k} (eq. (4.12)) 
for i = 1:m-1 
    Wi = W*2^i; 
    for k = 1:Wi-1  
        b(i+1,k+1) = b(1,1)*pc^i / (1-pb/Wi)*(1-k/Wi); 
    end 
end 
 
% fill in b_{m,0} (equation (4.17)) 
b(m+1,1) = b(1,1)*pc^m / (1-pc); 
  
% fill in b_{m,k} (equation (4.18)) 
for k = 1:Wm-1     
   b(m+1,k+1) = b(1,1)*(1-k/Wm) / (1-pb/Wm)*pc^m / (1-pc); 
end 
% print the total of probabilities 
 
% MATLAB Result 
 
fprintf (' The total probability mass is %f\n ', sum (sum (b)) ); 
 













% Performance evaluation 
%....................................... 
%‎ the‎ obtained‎ value‎ of‎ τ‎ from‎ the‎ above‎ analytical‎model‎was‎ used‎ to‎ evaluate‎ the‎
following formula for saturated throughput 
 
 
% therefore, defines the parameters as follows: 
% number of station 
n = [10:10:50]; 
Ts =8982; 
Tc =8713; 
EP =8184; % data packet size 
σ‎=‎1; % propagation delay in μs 
τ‎_length=length(τ); 
for ii=1:1:‎τ‎_length 
    for jj=1:1:5 
 
% transmission probability calculation 
Ptr(ii,jj) = 1-(1- τ‎(ii)).^n(jj); 
 
% successful transmission probability calculation 
Ps(ii,jj)‎=‎n(jj)*‎τ‎(ii).*(1- τ‎ii)).^(n(jj)-1)  / Ptr(ii,jj); 
 
% saturated throughput calculation 
S(ii,jj)=Ps(ii,jj).*Ptr(ii,jj).*EP/((1-Ptr(ii,jj))*σ+Ptr(ii,jj).*Ps(ii,jj).*Ts+Ptr(ii,jj).*(1-
Ps(ii,jj)).*Tc); 



















    end 
end 
 
% plot the results (Throughput evaluation (S) versus number of stations) 
 
 
Xlabel ('Number of Stations (N)'); 
Ylabel ('Saturation Throughput (S)'); 




B.3 Model Simulation 
 
This section presents the simulation proposed model. 
 
%.......................................................... 
% main program for model simulation 
%.......................................................... 
 




% define the parameters for main program 
couter_w = 1; 
for w = 32 
for t = 1:1:5 
n = 10*t;   % number of stations which want to transmit 
m = 3;   








m1 = zeros (1,n); 
delay_back_off = 0; 
 
% sense channel 
% delay 
back_off_timer = randi ((w-1),1,n); 
new_back_off_timer = back_off_timer; 
collsion_detection_time = zeros(2,n); 
collsion_detection_time(1,:) = back_off_timer; 
collision_time = zeros(1,n); 
transmission_detection = zeros(1,n); 
freezed_time = zeros(1,n); 
for loop = 1:1:20000 




  = check_collision_transmission ( new_back_off_timer,n,w1,m1,m,w, 
    back_off_timer, collsion_detection_time,collision_time,transmission_detection); 
end 
 
used_time = sum( transmission_detection )*8184; 
total_time = 200; 
% saturated throughput calculation 





couter_w = couter_w+1; 
end 
 








% number of station (50) 




Xlabel ('Number of Stations (N)'); 
Ylabel (' Saturation Throughput (S)'); 
hleg1 = legend ('m=3 w=32'); 
 
%...................................................... 
% check collision transmission (pc) 
%...................................................... 
Function[new_back_off_timer,m1,w1,back_off_timer,collision_time,collsion_detection




[a,b] = sort (new_back_off_timer); 
for i=1:1:n 
    if (a(i)==0) 
        j=i; 
    end 
end 
 
 if (j>1) 
          for i=1:1:j 
          m1(b(i))=m1(b(i))+1; 
        if (m1(b(i))==m+1) 
            m1(b(i))=0; 
            w1(b(i))=w; 
            new_back_off_timer(b(i)) = randi(w1(b(i)),1,1); 
            collision_time(b(i))= collision_time(b(i))+collsion_detection_time(1,b(i)); 








             collsion_detection_time(1,b(i))= new_back_off_timer(b(i)); 
             collsion_detection_time(2,b(i))= collsion_detection_time(2,b(i))+1; 
            back_off_timer(b(i))=back_off_timer(b(i))+new_back_off_timer(b(i)); 
else 
            w1(b(i))=(2^m1(b(i)))*w1(b(i)); 
            new_back_off_timer(b(i))=randi(w1(b(i)),1,1); 
             collision_time(b(i))=collision_time(b(i))+collsion_detection_time(1,b(i)); 
             collsion_detection_time(1,b(i))=new_back_off_timer(b(i)); 
             collsion_detection_time(2,b(i))=collsion_detection_time(2,b(i))+1; 
            back_off_timer(b(i))=back_off_timer(b(i))+new_back_off_timer(b(i)); 
        end 
    end 
 
else 
    w1(b(1))=w; 
    new_back_off_timer(b(1))=randi(w1(b(1)),1,1); 
    back_off_timer(b(i))=back_off_timer(b(i))+new_back_off_timer(b(i)); 
    collsion_detection_time(1,b(1))=new_back_off_timer(b(1)); 





% backoff timer decrement 
%.......................................... 
 
Function [ new_back_off_timer,delay_back_off,freezed_time ] = 




    if ((back_off_timer1(i)==0)&&(i>1)) 







        channel_busy=1; 
    else 
        min_back_off_timer=back_off_timer11(1); 
        channel_busy=1; 




    for j=1:1:18 
        for i=2:1:n 





    end 
new_back_off_timer=back_off_timer1-min_back_off_timer; 
end








Appendix C: Codes for the Proposed Estimation Method of the MAC 






As mentioned in Chapter 5, the proposed model is based on the terminating renewal 
process theory. MATLAB was used for the purpose of simulation and Maple was used 
to undertake certain calculations of the equations. Appendix C presents the codes that 
were used to propose and implement the tasks in Chapter 5. 
 
 
C.2 Maple Calculation 
 
This section presents the Maple calculation to obtain the real root of the polynomial 
equation in terms of 20 and 30 nodes, as shown below in the red rectangular calculation. 
































C.3 Mathematical Model 
 
This section presents the terminating renewal process model codes, including the total 
time as a sequence of intervals of empty delay time (DEmp), successful delay time (DSuc), 
busy delay time (DBus), and collision delay time (DCol). This leads to the calculation of 
the probabilities of the following states: idle state (PEmp),‎one‎of‎neighbour’s‎attempting‎
to transmit packet (PSuc), the sender station attempting to transmit packet (POwn), a 
packet transmission simultaneous attempt (PCol), and the channel busy by packet 







% mathematical modelling 
%.......................................................... 
 





% System Parameters 
%............................... 
SIFS=28*(10^-6); 
PS=50*(10^-6); %physical slot time 
CTS=350*(10^-6); 
Data=8200*(10^-6); 













n=10:20:30; % number of nodes 
 
%..................................................... 








% Probabilities of the proposed model 
%........................................................... 
% each node is equally likely to transmit 

























% terminating renewal process 
%.............................................. 
% solving equation (5.14) 
x=5.233735140; % at n=20 
x = 3.5; % at n=30 
μ=[(Demp)*(Pemp*exp(x*(Demp)))]+[(Dbus)*(Pbus*exp(x*(Dbus)))]+[(Dcol)*(Pcol*exp(x*(Dc































C.4 Performance Evaluation  
 
This section presents the proposed analytical model in comparison with the IEEE 
802.11 DCF behaviour based on the work of Bianchi (2000). 
 
%....................................... 
% Performance evaluation 
%...................................... 
 














n=10:20:30; % number of nodes 
%..................................................... 













% Probabilities of the proposed model 
%.......................................................... 
% each node is equally likely to transmit 












% terminating renewal process proposed model 
%......................................................................... 
% solving equation (5.14) 
x=5.233735140; % at n=20 
x = 3.5; % at n=30 
μ=[(Demp)*(Pemp*exp(x*(Demp)))]+[(Dbus)*(Pbus*exp(x*(Dbus)))]+[(Dcol)*(Pcol*exp(x*(Dc
ol)))]+[(Dsuc)*(Psuc*exp(x*(Dsuc)))]; % solving equation (5.15) 
j=1; 
for t=10:10:201 


















% hold on 
%.................................... 
% simulation parameters 
%.................................... 
for loop=1:1:2 
W=256; % contention window size 
% for comparing with the wireless network behaviour:  
 
 








n=10:20:30; % nodes 
 
%...................................................... 


































% terminating renewal process proposed model 
%......................................................................... 
x=5.233735140; % at n=20 






















hleg1 = legend('simulation','terminating process model','position',[10,20,500,500]); 
clc 
display('terminating process output at 200ms') 
 
% display variable value to show agreement between mathematical model and 
behaviour of IEEE 802.11 DCF 












Appendix D: Codes for the Proposed Backoff Algorithm of IEEE 





As mentioned in Chapter 6, a dynamic control backoff time algorithm (DCBTA) is 
proposed to enhance both the delay and throughput performances of IEEE 802.11 
standard. In particular, the equilibrium point analysis (EPA) model is used to run and test 
the algorithm under non-saturated traffic load conditions. Appendix D presents the codes 
that were used to propose and implement the tasks in Chapter 6. 
 
 
D.2 Performance Comparison of the Backoff Algorithms 
 
D.2.1 Comparison of Throughput 
 
This section presents the throughput performance program for the DCBTA algorithm 
compared with the BEB and ELBA algorithms under the EPA model. The system is 

















N=50; % number of nodes 
CWmin=8; % initial contention window 
trafic_load=1*10^-3; 
CWmax=1024; % maximum contention window 
M=6; % maximum back off stage 






Plot (throughput_ DCBTA (1,:),'-bo'); 
hold on 
Plot (throughput_ELBA (1,:),'--rs'); 
hold on 








xlabel('Dynamic Traffic Load'); 
ylabel('Throughput'); 
[throughput_ DCBTA] = DCBTA (CWmax,trafic_load,CWmin,N,iterations_loop); 
[throughput_ELBA] = ELBA (CWmax,trafic_load,CWmin,N,iterations_loop); 
[throughput_EPA] = EPA_modified (trafic_load,CWmin,N,M,iterations_loop); 
 















    if ((trans_stat1(i)>0)&&(backoff_timer(i)<=0)) 
        backoff_timer(i)=randi(CW(i),1); 







    if ((backoff_timer1(i)<0)&&(i>1)) 
        ii=i; 










% idle state 
%................ 
Function [trans_stat, transmission_prob]=idle_state(N,a)transmission_prob=rand(1,N); 









    if (transmission_prob(i)<th) 
        trans_stat(i)=1; 








m=zeros(1,N); % counter for back off stage 
a=0; % traffic load 
col=zeros(4,11); 
R=zeros(1,N); % packet transmitting probability 
 





     
    for traffic_load_loop=2:1:11 
        ccc=0; 
        for ytt=1:1:iterations_loop 
        a=traffic_load_percentage(traffic_load_loop); % dynamic traffic  load 
        backoff_timer=-1*ones(1,N); 
        [trans_stat,prob_trans]=idle_state(N,a); % the first stage i,e I or idle state 
        CW=CWmin*ones(1,N); 
        collisions=0; 








mer); % function for the channel sensing and generating the back off timer 




        ccc=ccc+collisions; 
end 
        collisions111 (contention_window_loop,traffic_load_loop)=ccc; 
% to calculate the average of collisions 
        Col (contention_window_loop,traffic_load_loop)=((ytt*t)-ccc)/(ytt*t) ; 
    end 





% collision state of EPA model 
%................................................ 









    if (a(i)==0) 
        k=k+1; 
        j(k)=i; 







    if (a(i)<0) 
        k1=k1+1; 
        j1(k1)=i; 
    end 
end 
% ...... In EPA method, the packet transmission on basis of R .............................. 
% ........ the value of R will be checked to decide whether there is collision or not 
% ........ this is the main part of EPA model 
if (k1==N) 
    collisions=collisions+1; 




    uy=1; 
for t1=(k1+1):1:j(k) 
    R1(uy)=R(b(t1)); 
    uy=uy+1; 
end 
 
        r1=sort(R1); 
        if(r1(1)==r1(2)) 
            collisions=collisions+1; 
        end 
end 
 
% rest is the same standard back off timer (BEB) 
if (k>1&&k1<N) 
    for t1=(k1+1):1:j(k)   
        m(b(t1))=m(b(t1))+1; 
        if (m(b(t1))==M) 







            CW(b(t1))=CWmin; 
        else 
            CW(b(t1))=(2*CW(b(t1))); % collision mechanism for BEB 
           % packet sending with probability R per slot (EPA model mechanism) 
            R(b(t1))=1/((2^1)*CWmin);        
                 end 
        %             *..................... 
        transmission_prob=rand(1,1); 
        th=(a11/(2*10^-3)); 
        if (transmission_prob<th) 
            trans_stat(b((t1)))=1; 
        end 
        %             *..................... 
    end 
     
elseif (k==1) 
    CW(b(j(1)))=CWmin; 
    for lk=1:1:j 
        % *......................... 
              transmission_prob=rand(1,1); 
        th=(a11/(2*10^-3)); 
              if (transmission_prob<th) 
            trans_stat(b((lk)))=1; 
        end 
              % *........................ 
    end 
end 
% this is also the part of EPA model as due to traffic load there will be some 
%‎slots‎that‎do‎not‎have‎any‎transmitted‎packet……………………………..‎ 











% main function 









    for traffic_load_loop=2:1:11 
        ccc=0; 
        for ytt=1:1:iterations_loop 
        a=traffic_load_percentage(traffic_load_loop); % increment in traffic load 
        backoff_timer=-1*ones(1,N); 
        [trans_stat,prob_trans]=idle_state(N,a); % the first stage i,e I in EPA or idle state 
        CW=CWmin*ones(1,N); 
        collisions=0; 
        for t=1:1:50 
[min_back_off_timer,new_backoff_timer]=channel_sense(trans_stat,N,CW,backoff_ti
mer); % function for the channel sensing and generating the back off timer 
[backoff_timer,trans_stat,CW,collisions,R]=collosion_state_ELBA(new_backoff_timer,
N,CWmin,CW,a,trans_stat,collisions,R,CWmax); % function to calculate the collision 
        end 
        ccc=ccc+collisions; 
        end 
        collisions111(contention_window_loop,traffic_load_loop)=ccc; 
        col(contention_window_loop,traffic_load_loop)=((ytt*t)-ccc)/(ytt*t); 






















    if (a(i)==0) 
        k=k+1; 
        j(k)=i; 
    end 
    if (a(i)<0) 
        k1=k1+1; 
        j1(k1)=i; 
    end 
end 
if (k1==N) 
    collisions=collisions+1; 
    k1=0; 
end 
if (k>1&&k1<N) 
    uy=1; 
    for t1=(k1+1):1:j(k) 







        uy=uy+1; 
    end 
 
    r1=sort(R1); 
    if(r1(1)==r1(2)) 
        collisions=collisions+1; 




%............condition for collision............. 
%........... increment in the contention window.. 
if (k>1&&k1<N)     
    for t1=(k1+1):1:j(k)         
        %.ELBA-EPA mechanism 
        if (CW(b(t1))==CWmax) 
            CW(b(t1))=CWmax; 
        elseif (CW(b(t1))<512) 
            CW(b(t1))=(2*CW(b(t1)));  
            
        else 
            CW(b(t1))=CW(b(t1))+CWmin; 
        end 
 
        R(b(t1))=1/((2^1)*CWmin); 
        transmission_prob=rand(1,1); 
        th=(a11/(2*10^-3)); 
         
        if (transmission_prob<th) 
            trans_stat(b((t1)))=1; 
        end 







    %............condition for transmission............. 
%........... decrement in the contention window.... 
elseif (k==1) 
    if (CW(b(k))==CWmin) 
        CW(b(k))=CWmin; 
    elseif (CW(b(k))<=512) 
        CW(b(k))=(CW(b(k))/2); 
 
    else 
        CW(b(k))=CW(b(k))-CWmin; 




    transmission_prob=rand(1,1); 
    th=(a11/(2*10^-3)); 
     
    if (transmission_prob<th) 
        trans_stat(b((lk)))=1; 





% DCBTA-EPA algorithm 
%........................................ 















    for traffic_load_loop=2:1:11 
        ccc=0; 
        for ytt=1:1:iterations_loop 
        a=traffic_load_percentage(traffic_load_loop); % increment in traffic load 
        backoff_timer=-1*ones(1,N); 
        [trans_stat,prob_trans]=idle_state(N,a); % the first stage i,e I or idle state 
        CW=CWmin*ones(1,N); 
        collisions=0; 
        for t=1:1:50 
[min_back_off_timer,new_backoff_timer]=channel_sense(trans_stat,N,CW,backoff_ti
mer); % function for the channel sensing and generating the back off timer 
 
[backoff_timer,trans_stat,CW,collisions,R]=collosion_state_DCBTA(new_backoff_tim
er,N,CWmin,CW,a,trans_stat,collisions,R,CWmax); % function to calculate the 
colloision 
       end 
 
        ccc=ccc+collisions; 
        end 
 
        collisions111(contention_window_loop,traffic_load_loop)=ccc; 
        col(contention_window_loop,traffic_load_loop)=((ytt*t)-ccc)/(ytt*t); 
    end 























    if (a(i)==0) 
        k=k+1; 
        j(k)=i; 
    end 
 
    if (a(i)<0) 
        k1=k1+1; 
        j1(k1)=i; 




    collisions=collisions+1; 
    k1=0; 
end 
if (k>1&&k1<N) 
    uy=1; 
    for t1=(k1+1):1:j(k) 
        R1(uy)=R(b(t1)); 








    r1=sort(R1); 
    if(r1(1)==r1(2)) 
        collisions=collisions+1; 




%............condition for collision............. 
%........... increment in the contention window for heavy traffic load.... 
if (k>1&&k1<N) 











        transmission_prob=rand(1,1); 
        th=(a11/(2*10^-3)); 
        if (transmission_prob<th) 
            trans_stat(b((t1)))=1; 
        end 
    end 
 
%............condition for transmission............. 
% decrement in the contention window for low traffic load and successful transmission 
elseif (k==1) 
    if (CW(b(k))==CWmin) 
%DCBTA-EPA mechanism 
        if (CW(b(t1))==CWmax) 
            CW(b(t1))=CWmax; 
        elseif (CW(b(t1))<512) 
            CW(b(t1))=(2*CW(b(t1))); % Collision at low traffic load             
        else 
            CW(b(t1))=(2*CW(b(t1))+2); % Collision at high traffic load             


















    transmission_prob=rand(1,1); 
    th=(a11/(2*10^-3)); 
    if (transmission_prob<th) 
        trans_stat(b((lk)))=1; 












N=50; % number of nodes 
CWmin=8; % initial contention window 
trafic_load=1*10^-3; 
CWmax=1024; 
M=6; % maximum back off stage 
    elseif (CW(b(k))<=512) 
        CW(b(k))=(CW(b(k))-1); % Successful transmission at low traffic load             
    else 
        CW(b(k))=(CW(b(k))-2); % Successful transmission at high traffic load             






































legend ('CWmin=8 DCBTA-EPA', 'CWmin=16 DCBTA-EPA','CWmin=32 DCBTA -
EPA','CWmin=8 ELBA-EPA', 'CWmin=16 ELBA-EPA','CWmin=32 ELBA-
EPA','CWmin=8 BEB-EPA', 'CWmin=16 BEB-EPA','CWmin=32 BEB-EPA', 
'Location', 'southeast') 
grid on; 
plot(throughput_ DCBTA(1,:),'-rs'); % DCBTA algorithm at CWmin=8 
hold on 
plot(throughput_ DCBTA (2,:),'-ks'); % DCBTA algorithm at CWmin=16 
hold on 
plot(throughput_ DCBTA (3,:),'-bs'); % DCBTA algorithm at CWmin=32 
hold on 
 
plot(throughput_ELBA(1,:),'-ro'); % ELPA algorithm at CWmin=8 
hold on 
plot(throughput_ELBA(2,:),'-ko'); % ELPA algorithm at CWmin=16 
hold on 
plot(throughput_ELBA(3,:),'-bo'); % ELPA algorithm at CWmin=32 
hold on 
 
plot(throughput_EPA(1,:),'--r*'); % EPA algorithm at CWmin=8 
hold on 
plot(throughput_EPA(2,:),'--k*'); % EPA algorithm at CWmin=16 
hold on 











xlabel('Dynamic Traffic Load'); 
ylabel('Throughput'); 
 
% the rest of the program is similar the previous program but considering multi 
CWmin=8, 16, 32 
 
 
D.2.2 Comparison of Delay  
This section presents the delay calculation program of the IEEE 802.11 DCF, BEB 
algorithm under the EPA model, ELPA algorithm under the EPA model, and the 
DCBTA algorithm under the EPA model. The performance is measured under different 
numbers of nodes. In addition, the CWmin (16, 32 and 64) are taken into account. All of 
the assumptions related to this experiment are the same as in the previous section. 
 
%.......................................................................................................................................... 






N1=10; % number of users 
CWmin=32; % initial contention window 

















trans_time_packet= RTS + SIFS + CTS + SIFS + Data_TIME + SIFS + ACK + DIFS; 
Delay_collision=(RTS+DIFS); 








































legend(' DCBTA ','ELBA','BEB','Location','NorthWest'); 
grid on 
set(gca,'XTickLabel',{'0','10','20','30','40','50','60','70','80','90','100'}) 









    if ((trans_stat1(i)>0)&&(backoff_timer(i)<=0)) 
        backoff_timer(i)=randi(CW(i),1); 













    if ((backoff_timer1(i)<0)&&(i>1)) 
        ii=i; 




    min_back_off_timer=backoff_timer1(ii+1); 













    if (transmission_prob(i)<th) 
        trans_stat(i)=1; 















m= zeros (1,N); % counter for back off stage 
a=0; % traffic load 
col=0; 
R= zeros (1,N); % packet transmitting probability 
delay_epa=zeros(1,N); 





    for traffic_load_loop=11:1:11 
        ccc=0; 
        for ytt=1:1:iterations_loop 
        a=traffic_load_percentage(traffic_load_loop); % increment in traffic load 
        backoff_timer=-1*ones(1,N); 
        [trans_stat,prob_trans]=idle_state(N,a); % the first stage i,e I or idle state 
        CW=CW_start*ones(1,N); 
        delay_EPA_BEB=zeros(1,N); 
        Collisions = 0; 
        for t=1:1:2500 
[min_back_off_timer,new_backoff_timer,delay_EPA_BEB]=channel_sense(trans_stat,
N,CW,backoff_timer,delay_EPA_BEB); % function for the channel sensing and 
generating the back off timer 
[backoff_timer,trans_stat,CW,m,collisions,R]=collosion_state_EPA(new_backoff_timer
,N,CWmin,CW,a,trans_stat,m,M,collisions,prob_trans,R); % function to calculate the 
collision 
        end 
% to calculate the average of collisions time 
        ccc=ccc+collisions; 
        delay_epa(1,:)=delay_EPA_BEB(1,:)+delay_epa(1,:); 








        collisions111(contention_window_loop,traffic_load_loop)=ccc; 
        col=((ytt*t)-ccc); 
    end 





% collision state of EPA model 
%................................................ 









    if (a(i)==0) 
        k=k+1; 
        j(k)=i; 
    end 
 
    if (a(i)<0) 
        k1=k1+1; 
        j1(k1)=i; 
    end 
end 
 
% ...... In EPA method, the packet transmission on basis of R .............................. 







% ........ this is the main part of EPA model 
if (k1==N) 
%     collisions=collisions+1; 




    uy=1; 
for t1=(k1+1):1:j(k) 
    R1(uy)=R(b(t1)); 
    uy=uy+1; 
end 
        r1=sort(R1); 
        if(r1(1)==r1(2)) 
%             collisions=collisions+1; 
        end 
end 
%         rest is the same standard back off algorithm (BEB) 
if (k>1&&k1<N) 
%         collisions=collisions+1; 
    for t1=(k1+1):1:j(k) 
        m(b(t1))=m(b(t1))+1; 
        if (m(b(t1))==M) 
            m(b(t1))=0; 
            CW(b(t1))=CWmin; 
 
        else 
            CW(b(t1))=(2*CW(b(t1))); 
            R(b(t1))=1/((2^m(b(t1)))*CWmin); 
        end 








        %             *..................... 
        transmission_prob=rand(1,1); 
        th=(a11/(2*10^-3)); 
        if (transmission_prob<th) 
            trans_stat(b((t1)))=1; 
        end 
        %             *..................... 
    end 
elseif (k==1) 
    CW(b(j(1)))=CWmin; 
    collisions=collisions+1; 
    for lk=1:1:j 
        % *......................... 
        transmission_prob=rand(1,1); 
        th=(a11/(2*10^-3)); 
        if (transmission_prob<th) 
            trans_stat(b((lk)))=1; 
        end 
        % *........................ 
    end 
     
end 
% this is also the part of EPA model as due to traffic load there will be some 
%‎slots‎that‎do‎not‎have‎any‎transmitted‎packet……………………………..‎ 






















    for traffic_load_loop=11:1:11 
        ccc=0; 
        for ytt=1:1:iterations_loop 
        a=traffic_load_percentage(traffic_load_loop); % increment in traffic load 
        backoff_timer=-1*ones (1,N); 
        [trans_stat,prob_trans]=idle_state(N,a); % the first stage i,e I or idle state 
        CW=CW_start*ones (1,N); 
        delay_ELBA=zeros (1,N); 
        Collisions = 0; 
        for t=1:1:2500 
[min_back_off_timer,new_backoff_timer,delay_ELBA]=channel_sense(trans_stat,N,C
W,backoff_timer,delay_ELBA); % function for the channel sensing and generating the 
back off timer 
[backoff_timer,trans_stat,CW,collisions,R]=collosion_state_ELBA(new_backoff_timer,
N,CWmin,CW,a,trans_stat,collisions,R,CWmax); % function to calculate the collision 
        end 
 
        ccc=ccc+collisions; 
         delay_elba(1,:)=delay_ELBA(1,:)+delay_elba(1,:); 
        end 
 
        collisions111(contention_window_loop,traffic_load_loop)=ccc; 
        col=((ytt*t)-ccc); 






















    if (a(i)==0) 
        k=k+1; 
        j(k)=i; 
    end 
 
    if (a(i)<0) 
        k1=k1+1; 
        j1(k1)=i; 




%     collisions=collisions+1; 










    uy=1; 
    for t1=(k1+1):1:j(k) 
        R1(uy)=R(b(t1)); 
        uy=uy+1; 
    end 
 
    r1=sort(R1); 
    if(r1(1)==r1(2)) 
%         collisions=collisions+1; 




%............condition for collision............. 
%........... increment in the contention window.... 
if (k>1&&k1<N)     
    for t1=(k1+1):1:j(k)      
        if (CW(b(t1))==CWmax) 
            CW(b(t1))=CWmax; 
        elseif (CW(b(t1))<512) 
            CW(b(t1))=(2*CW(b(t1)));             
 
        else 
            CW(b(t1))=CW(b(t1))+CWmin; 
        end 
 
        R(b(t1))=1/((2^1)*CWmin); 
        transmission_prob=rand(1,1); 
        th=(a11/(2*10^-3)); 
         
        if (transmission_prob<th) 







        end 
    end 
    %............condition for transmission............. 
%........... decrement in the contention window.... 
elseif (k==1) 
collisions=collisions+1;     
if (CW(b(k))==CWmin) 
        CW(b(k))=CWmin; 
    elseif (CW(b(k))<=512) 
        CW(b(k))=(CW(b(k))/2); 
 
    else 
        CW(b(k))=CW(b(k))-CWmin; 




    transmission_prob=rand(1,1); 
    th=(a11/(2*10^-3)); 
    if (transmission_prob<th) 
        trans_stat(b((lk)))=1; 























delay_ DCBTA =zeros(1,N); 
for contention_window_loop=1:1:1 
    for traffic_load_loop=11:1:11 
        ccc=0; 
        for ytt=1:1:iterations_loop 
        a=traffic_load_percentage(traffic_load_loop); % increment in traffic load 
        backoff_timer=-1*ones(1,N); 
        [trans_stat,prob_trans]=idle_state(N,a); % the first stage i,e I-state or idle state 
        CW=CW_start*ones(1,N); 
        delay_ DCBTA =zeros(1,N); 
        collisions=0; 
        for t=1:1:2500 
[min_back_off_timer,new_backoff_timer,delay_DCBTA]=channel_sense(trans_stat,N,
CW,backoff_timer,delay_ DCBTA); % function for the channel sensing and generating 
the back off timer 
 
[backoff_timer,trans_stat,CW,collisions,R]=collosion_state_DCBTA(new_backoff_tim
er,N,CWmin,CW,a,trans_stat,collisions,R,CWmax);% function to calculate the collision 
        end 
        ccc=ccc+collisions; 
         delay_ DCBTA (1,:)=delay_ DCBTA (1,:)+delay_ DCBTA (1,:); 
        end 
        collisions111 (contention_window_loop,traffic_load_loop)=ccc; % to calculate the 
average of collisions 
        col=((ytt*t)-ccc); 






















    if (a(i)==0) 
        k=k+1; 
        j(k)=i; 
    end 
 
    if (a(i)<0) 
        k1=k1+1; 
        j1(k1)=i; 




%     collisions=collisions+1; 
    k1=0; 
end 
if (k>1&&k1<N) 







    for t1=(k1+1):1:j(k) 
        R1(uy)=R(b(t1)); 
        uy=uy+1; 
    end 
    r1=sort(R1); 
    if(r1(1)==r1(2)) 
%         collisions=collisions+1; 
    end 
end 
  
%.................... DCBTA-EPA Algorithm................ 
%............condition for collision............. 
%........... increment in the contention window.... 
if (k>1&&k1<N)     
    for t1=(k1+1):1:j(k)      
        if (CW(b(t1))==CWmax) 
            CW(b(t1))=CWmax; 
        elseif (CW(b(t1))<512) 
            CW(b(t1))=(2*CW(b(t1)));  
            
        else 
            CW(b(t1))=(2*CW(b(t1))+2); 
        end 
 
        R(b(t1))=1/((2^1)*CWmin); 
        transmission_prob=rand(1,1); 
        th=(a11/(2*10^-3)); %transmission probability based on EPA model 
        if (transmission_prob<th) 
            trans_stat(b((t1)))=1; 
        end 








    %............condition for transmission............. 
%........... decrement in the contention window.... 
elseif (k==1) 
collisions=collisions+1;     
if (CW(b(k))==CWmin) 
        CW(b(k))=CWmin; 
    elseif (CW(b(k))<=512) 
        CW(b(k))=(CW(b(k))-1); 
 
    else 
        CW(b(k))=(CW(b(k))-2); 




    transmission_prob=rand(1,1); 
    th=(a11/(2*10^-3)); 
     if (transmission_prob<th) 
        trans_stat(b((lk)))=1; 
    end 
end 
end 
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